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ABSTRACT 
A COMPARATIVE STUDY OF THE ROLE OF VISION AND OLFACTION DURING 
IN-FLIGHT MANEUVERS IN WIND BY FOUR SPECIES OF INSECTS TO 
SEMIOCHEMICALS 
MAY 1993 
PIETER OLIVIER ZANEN 
DOCTORANDUS, UNIVERSITY OF GRONINGEN 
Ph D., UNIVERSITY OF MASSACHUSETTS 
Directed by: Professor R.T. Carde 
Flying insects can use volatile attractants to find food, mates, and oviposition sites. 
To gain understanding of the behavioral mechanisms involved, three questions were 
studied: how do insects find attractants, how do they maintain contact with attractants 
once found, and how are attractants used to locate resources that emitted the attractants. 
The study focused on the role of two senses, vision and olfaction. 
Chapter 1 presents the current knowledge of odor-mediated flight, the methods of 
study, and a general outline of the studies presented in later chapters. In Chapter 2 the 
precision of an existing measurement system for flight behavior is compared with a system 
developed as part of this dissertation. This new system can reconstruct flight in three 
dimensions. Chapter 3 proposes a novel approach to the description of flight behavior 
using a set of mutually exclusive and collectively exhaustive maneuvers obtained with 
cluster analysis of measurements derived from flight tracks. Responses to changes of the 
floor pattern by the parasitoid Microplitis croceipes and the gypsy moth Lymantria dispar 
are compared in Chapter 4 to further the understanding of the role of vision during 
odor-mediated upwind flight. Chapter 5 described how flight of M. croceipes is affected 
by increases in wind velocity. Studies presented in Chapter 6 with tagged L. dispar show 
Vll 
in greater detail than was possible before, how this moth species controls direction of 
flight in increasing winds. In Chapter 7 a test of a model for responses to shifting winds to 
optimize plume location is presented, using flight responses of two species of 
food-deprived fruitflies, Drosophila funebris and D. immigrans. The effect of changes in 
contrast of the floor and removal of the host-odor plume on flights of M. croceipes 
measured in 3-D are presented in Chapter 8. Chapter 9 demonstrates thatM croceipes 
uses transverse chemotaxis to maintain contact with a host-odor plume. 
Vlll 
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CHAPTER 1 
GENERAL INTRODUCTION 
Insects capable of locating an odor source by using its wind-dispersed emissions have 
to solve three problems: find an odor plume, maintain contact with the odor plume and 
head toward its source. The behavioral mechanisms involved in odor-mediated flight are 
studied by: 1) simulating the stimulus conditions in a flight tunnel and 2) measuring the 
flight responses. In this dissertation four species of insects are used to study particular 
questions regarding odor-mediated flight. 
Using olfaction to respond in flight to odor emissions in flowing media can be set 
apart from all other behavioral responses to odors for two reasons. Flight control in wind 
differs from flying in still air or walking because the relation between movement and motor 
output is complicated by the influence of the flowing media on motion [David, 1986]. 
Furthermore, wind-dispersed odor plumes have complex odor concentration gradients 
[Murlis and Jones, 1981;Murlis, 1986; Murlis et al., 1992], 
Because most evidence points to vision as the sensory mode that controls flight 
[reviewed by Arbas et al., 1992], attempts have been made to find out which feature of 
motion in the visual surround is used to accomplish control of ground speed and upwind 
headings. 
To study flight control in wind Marsh et al. [1978] proposed the triangle of velocities 
method to obtain the thrust generated by the insect while it is flying in wind, Fig. 1.1. The 
direction and speed of motion relative to the ground for an insect flying in wind is 
1 
determined by two independent forces: the wind and the thrust output of the flight motor. 
When a video record of flight in wind is made we can measure the movement relative to 
the ground. Because we 
Airspeed and Insect Heading 
Fig. 1.1. Triangle of velocities method to derive the airspeed from the ground speed and the direction of 
wind with vector addition. The longitudinal [L] and the transverse component [Tr] of the image flow. 8 
is the angle between the ground speed vector and the airspeed vector known as the drift angle, a is the 
angle between the airspeed vector and the direction of wind, known as the course angle [after Marsh et al., 
1978], 
know the direction and magnitude of the wind in flight tunnels, we subsequently can 
derive with vector addition the direction of thrust represented by the airspeed. 
Insects maintain a relatively fixed ground speed over a wide range of wind speeds 
while flying upwind an odor plume of a given odor concentration [l.c. Arbas et al., 1992, 
Willis and Carde, 1990]. During control of ground speed [G] in wind [W] the airspeed 
[A] is adjusted summarized by the equation: 
G2 = W2 + (A)2 + 2* W*A* cos (a) 
where a stands for the course angle as depicted in Fig. 1.1. An insect flying in wind 
speeds much greater than its maximum sustainable airspeed has little control over its 
ground speed. It can only start and stop the movement by taking off and being carried 
2 
with the wind or landing. Ground speed for a given amount of thrust varies with the 
course angle. Upwind the movement is minimal, downwind maximal and for angles in 
between the ground speed changes with the equation: cos(a) 
Odor-mediated flight has been studied from video recordings of free flight and 
activity records obtained from tethered insects attached to flight mills or more complex 
devices [see references in Payne et al., 1986], In free-flight studies, the emphasis is on 
gaining insight on maneuvering. With flight mills one can study how flight activity is 
distributed over long periods of time. The flight simulator described by Preiss and Kramer 
[1986] is particularly suitable to do precise measurements of flight motor output. In this 
dissertation we recorded free flight with video. In Chapter 2, sources of systematic errors 
in the measurement of video recordings are discussed. Also in that chapter, a new method 
to measure flight behavior in 2-D and 3-D is presented. Furthermore, I discuss filtering 
techniques to reduce the effect of transcription errors on the measurements. 
The size of the increments with which one samples behavior over space and time is 
important to the study of flight behavior. In Chapter 3 I discuss a new method for 
choosing the increment size by representing a flight response with a set of mutually 
exclusive and collectively exhaustive flight maneuvers. I will discuss a set of maneuvers 
representing all flight behavior performed in all experiments presented in this dissertation 
by the hymenopteran parasitoid Microplitis croceipes. A similar set of maneuvers 
performed by the male gypsy moths Lymantria dispar will be presented. This novel 
method for description of flight will be demonstrated in a comparison of flight responses 
of the two species to three floor patterns. The same experiment will be analyzed with 
conventional methods in Chapter 4. 
3 
In Chapter 4 I compared the odor-mediated flight behavior of the male gypsy moth 
and M. croceipes above three different floor patterns. In addition wasps were released in 
odor plumes at two heights above the flight tunnel floor. The number of degrees per unit 
of time the visual surround rotates relative to an observer flying in a straight line is 
inversely proportional to the distance between the observer and its surroundings. When 
ground speed is controlled by the number of degrees the visual surround rotates per unit 
of time one expects insects to increase ground speeds with increasing flight altitudes 
[Kuenen and Baker, 1982a]. Chapter 5 presents a study of the effect of altitude and wind 
velocity on ground speed control by the parasitoid M. croceipes. 
From the perspective of the observer independent of distance to the background, the 
motion of the visual surround is zero in the direction of movement and maximal 
perpendicular to the direction of movement. Collett [1980] described how syrphid flies 
control direction and speed of flight by the respective frontal and lateral areas of the 
retina. Little is known about how moths control headings and ground speed during 
upwind zigzagging flight. Chapter 6 presents a study of how gypsy moth controls flight 
direction in increasing wind speeds. In this study the body orientation is measured to gain 
insight on how thrust is aimed relative to the visual surround. 
Murlis et al., [1992] discussed the complexities of plume structures in wind, what 
factors determine it and how insects may use certain predictable features. Here I will 
summarize the factors related to acquiring contact with an odor plume. The probability of 
contacting a plume depends on the time-averaged location of the odor plume. Murlis et 
al., [1992] discussed two models that are based on the assumption that the chance to 
4 
intercept an odor plume depends on its cross-sectional size facing the flight path. Sabelis 
and Schippers [1984] and Dusenberry [1989] proposed models that describe how the 
chance for intercepting an odor plume varies with direction of flight relative to the average 
wind direction. In Chapter 7, I present a study of flight behavior by two species of 
food-deprived fruit flies [Drosophila funebris and D. immigrans] in experimentally shifted 
winds to test whether they abide by the rules put forward by those models. 
There are three major causes for loss of contact with the odor plume, each possibly 
requiring a different approach for regaining contact. First the odor emission may have 
ceased. Chapter 8 of this dissertation presents a study of the effect of removal of the odor 
plume on flight responses by M. croceipes. 
A second cause is misalignment of the plume axis with the local wind direction. 
Elkinton et al. [1987] demonstrated that wind shifts direction frequently in forests and 
consequently, conditions that allow maintaining contact with the plume while heading 
upwind seldom exist. In a later study, a similar wind shifts in the African savanna were 
demonstrated [Brady et al., 1989]. A first interpretation of flight behavior in a flight 
tunnel to an experimentally misaligned odor plume was published by Carde and Charlton 
[1985]. Chapter 9 of this dissertation presents a similar study of the effect of 
misalignment of an odor plume with the wind line on flight responses by M croceipes. 
A third cause of loss of contact involves a wind shift local to the responding insect. 
Insects can distinguish between self-generated motion and motion resulting from external 
forces such as wind. They countertum the disruption and so end up flying straight in wind 
of shifting directions. Moths of two species have been reported to perform such an 
5 
optomotor response evoked by a wind shift, while flying in odor plumes [David et al., 
1983; Baker and Haynes, 1987], During a wind shift they no longer fly upwind to the 
instantaneous wind direction and so fly out the plume. Once plume contact is lost they 
start flying in a direction perpendicular to the instantaneous wind direction and by so thus 
doing this regain contact. 
6 
CHAPTER 2 
MEASUREMENT OF INSECT FLIGHT BEHAVIOR IN TWO AND THREE 
DIMENSIONS 
Introduction 
Flight maneuvers in most studies of insect behavior are recorded with one camera and 
what is a complex three-dimensional movement can only be studied by its two-dimensional 
projection. Often this seems not a problem because males of most moth species, flying 
upwind along a plume of sex pheromone, maintain their flight altitude at the level of the 
plume [but see Murlis and Bettany 1977, Baker 1989, and Witzgall and Arn 1990], Under 
some experimental conditions, however, it is important to know how insects vary their 
altitude during flight and here a 3-D record of position over time is desirable. 
Riley et al. [1990] used a video setup with two cameras with telelenses and a large 
distance between the observation area and the cameras. They scaled the area of view with 
markers. Wagner [1986] used one camera and a 45° tilted mirror to obtain the 3-D 
position of the housefly in a 1 m3 cage. Witzgall and Am [1990] used a two-camera setup 
in combination with an automatic tracking algorithm. This automated measurement 
algorithm required a highly reflective background to facilitate tracking the insect. 
These methods are not adequate to study the flight behavior of parasitoid wasps as 
small as 4-mm flying in an arena of 2 by 1 by 1 m. We wanted to address the question 
how wasps use vision during flight to odor plumes signaling the presence of their prey. 
Our studies required the use of a visual surround that in general provides a low contrast 
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video record. In test trials an automatic tracking algorithm, running on a dedicated video 
imaging system [SUN® minicomputer], lost track of the wasps too often to justify using 
such a system. We decided to use wide-angle lenses to obtain a sufficient sized top-view 
of the testing area. Our flight tunnel is in a room with a low ceiling and this limits the 
distance between the cameras and the test arena to 1.8 m. The wide-angle lenses we used 
introduce more lens distortion compared to a setup with telelenses and a large object 
distances as used by Riley et al. [1990], Furthermore we wished to have freedom to 
control the visual surround in the test arena and markers or mirrors as required by the 
systems mentioned before were not desirable. 
In this paper we will describe the calibration of a new measurement system that 
fulfills our requirements. The computer software part of the system is based on an 
algorithm by Marzan [1976] for reconstruction of three-dimensional coordinates of an 
object that is filmed simultaneously with two cameras of unknown position. In 
photogrammetry measurements are made with so-called metric cameras which are 
calibrated to become suitable to make precise measurements . However this algorithm 
does not require the use of special optical equipment. 
We will first discuss general factors that determine precision of measurement of flight 
behavior with video recording. Next we will estimate the effect of transcription error on 
the measurements made with two systems: the system that has been in use in our 
laboratory since 1980 [l.c. Willis and Carde, 1990; Charlton et al., 1993] and the new 
system presented in this paper. We further refer to the old system as the Charlton et al. 
system and the new system as the Mantid™ system, a name that will be used to market this 
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computer program. Next a simulation technique is used to determine whether repeated 
measurements with the Charlton et al. system will lead to a better estimate of the true 
measurement values. We also evaluate to what degree filtering with commonly used 
techniques reduce variability in the measurements. Finally we show how measurement 
errors affect the value of descriptive variables and how filtering techniques enhance the 
chance to detect treatment effects. 
General Factors that Determine Precision of Measurement with Video Equipment 
The degree of detail in movements recorded with video equipment depends on the 
spatial resolution and sampling rate of the video system. 
The spatial resolution depends on: 1] lens factors such as: aperture, focal length, and 
the object distance and 2] video system factors such as: the Vidicon tube or the charge 
coupled device in the video camera and the pixel size, the number of lines and the levels of 
gray tints the video monitor can display. These factors together set a limit on the size of 
the animal that can be tracked in an arena of a given size. Tourtellot et al. [1991] 
suggested a rule for selecting an appropriate spatial scale for measuring orientation 
maneuvers. They proposed that measuring movement in units equal to the body length of 
the studied animal avoids the dilemma posed by defining a turn. Measuring movement in 
units smaller than the body length introduces unrealistic variability caused by wobble of 
the body. Increasing the units of measurement to many times the body length may lead to 
missing turns. If the emphasis is on obtaining maximum detail in movement while 
covering the largest possible arena, then the minimal distinguishable displacement should 
be at least one body length. 
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Standard video recorders sample at a rate of 50 or 60 frames per second. 
Measurement of movements with a spatial resolution of at least a body length can only be 
sustained as long as the insects fly slower than 50 or 60 body lengths per second. In 
other words for a 4-mm wasp flight behavior cannot be measured with maximum detail 
when the wasp flies regularly faster than 20 or 24 cm sec'1. 
Any time insects fly slower than the limits resulting from the requirements of the 
study and the performance of the video recording system, two sampling schemes can be 
used: fixed-time interval sampling or fixed-distance interval sampling. 
In fixed-time interval sampling one should choose the lowest sampling rate still 
frequent enough to measure all the details of the fastest, most convoluted maneuvers. It is 
impractical to determine this value in advance. One way to check whether the sampling 
rate was high enough is to find the maximum flight speed expressed in body lengths 
measured in an experiment. From that number one can decide whether the one body 
length limit is exceeded and a higher sample rate for the measurement is required to cover 
claims made on basis of the measurements. 
With fixed-distance interval sampling one can set in advance the spatial resolution. 
Here a position of the insect is measured each time the insect has moved a fixed distance 
[for example about 6 body lengths] and the time expired between current and previous 
position is recorded. 
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Materials and Methods 
Flight Tunnel and Testing Arena 
We used a closed-loop open test section flight tunnel described by Zanen and Carde 
[1991]. The test section measures 198 x 101 x 101 cm [LxWxH]. The test section floor 
was 198 cm below the ceiling of the room. For 2-D video recordings the video camera 
was fixed to the ceiling pointing down 177 cm above the center of test section. When 3-D 
recordings were made we positioned the two cameras aimed down from the ceiling. The 
positions and aiming points for the two cameras were chosen following the rules set by a 
systematic study of the effect of camera position on 3-D reconstruction by Marzan [p. 25, 
1976], A computer program was written to facilitate the use of those rules and make the 
necessary calculations. Cameras were positioned 82 cm apart symmetrically to the long 
axis of the test section and 75 cm down wind from the upwind end of the test section. 
Cameras were aligned perpendicular to the long axis of the flight tunnel and aimed so that 
the upper margin of the filed of view coincided with the side edge of the test section. 
Illumination of 2400 lux was provided by a row of 12-DC powered 40 Watt 
fluorescent tubes fixed to the ceiling. A Mylar milky sheet was suspended between the 
arena and the light tubes to disperse the illumination evenly. The camera lenses were 
aimed through small holes in the milky sheet. 
Video Equipment 
Rotary shutter video cameras [Sony® RSC-1050] with 8.5 mm wide angle lenses 
[Cosmicar® f 1.5] were used to record flight behavior on a Betamax™ video recorder 
[Sony® SLO-340]. A time record was overlaid onto the video signal of each video camera 
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with time-date generators [Panasonic® WJ-810], The clocks of the time generators were 
triggered simultaneously to be able to synchronize video signals for 3-D reconstruction up 
to 1/100 of a second. Video tapes were played back with a motion analyzer [Sony® 
SVM-1010], 
Measurement Hardware and Software 
Measurements of video records with the Charlton et al. system involved the following 
hardware. Transparencies were taped onto a video monitor [Panasonic® WV 5470] and 
the video images were transcribed with a pen and measured with a digitizer tablet [Apple® 
Graphics Tablet] interfaced with an Apple® He personal computer. 
In the Mantid system, a remote controller board [Metrabyte® PDISO-8] controls 
frame advancement of the motion analyzer and a frame grabber board [Odavision™] 
converts analog video signals from the motion analyzer into digital images that can be 
overlaid onto a computer graphics monitor. Both boards were installed in an EBM® 
compatible computer equipped with a hard drive, 640-kilobyte random access memory, a 
standard VGA graphics card and a VGA color monitor. 
The Mantid system stores for each measurement the video image of the overlaid time 
signal. The exact moment associated with the measurement can be recovered in case more 
measurements need to be appended after that moment or a certain measurement needs 
editing. By matching the position of a mouse controlled cursor with the position of the 
insect and clicking the mouse the vertical pixel and horizontal pixel numbers are stored. 
Later these pixel numbers are converted by using a scaling factor into the appropriate 
metric units. 
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During 3-D measurements, synchronization over time of the two video records is 
maintained by keeping frame advancement of the motion analyzer under software control. 
One begins by measuring all the frames of the first view of a certain event. The time 
information of the first frame of the first view is displayed when one is ready to measure 
the second camera view. One can manually advance the frames of the second view until 
the time reading of the first frame of the first view matches the time reading of the second 
view. When the program regains control over the frame advancement both time readings 
will be displayed for each frame so one can check whether a correct match over time is 
maintained. 
The motion analyzer we used [Sony® SVM-1010] has a delayed response to the 
remote controller board. When the trigger signal to advance a frame is given in too fast a 
succession, the match over time between the two views will be lost during measuring the 
second view. The program allows readjustment of the delay between trigger signals to a 
level where the motion analyzer can keep up with the pace. 
Furthermore the vertical alignment of the video images sometimes becomes 
unreliable. This is visible as an up-and-down jumping of the image. Analog video signals 
contain a frame synchronization pulse to mark the beginning of a new frame. This frame 
synchronization pulse may vary in quality in some recordings. Digital frame grabbers are 
sensitive for such slight variations and as a result will scan the video signal out of 
synchronization with the remainder of the video recording [George Drake, personal 
communication]. The Mantid system uses a camera-bound visual marker to reposition the 
frame after it has been grabbed and stored in computer memory to a monitor-bound pixel 
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and thereby corrects for such scanning errors. In this way all frames of a video record are 
exactly positioned at the same place onto the monitor in a common frame of reference. 
2-D Scaling with the Charlton et al. System 
The digitizing program measures the position of the insects in so-called displacement 
increments. First a single X-axis is established. Next one scaling factor is entered into the 
program to convert digitizing units into centimeters. The first position of the insect is 
measured in Cartesian coordinates. Following positions are recorded as increments of 
displacement relative to the previous position. 
2- D Scaling with the Mantid System 
Flight behavior from a video record can be measured after a scaling factor and a 
frame of reference are established. The scaling factor is used to convert pixel counts, 
collected during digitizing the position of the insect on the VGA monitor, into centimeters. 
Because the pixels on a VGA graphic's monitor are rectangular, the pixel count can only 
be used when one establishes separate vertical and horizontal scaling factors. To obtain 
these scaling factors, a picture with two perpendicular axes of known length is video taped 
in the camera view. By measuring the two scaling axes in pixel units and entering the 
lengths in centimeters a conversion factor from pixel numbers into units of length becomes 
available for scaling future measurements. 
3- D Scaling and Calibration with the Mantid System 
A frame of reference and a map of the distortion of the camera set up is obtained by 
performing a 3-D reconstruction of a special 3-D calibration object [a 23-point double 
tetrahedron]. 
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First the true position of the 23 points on the calibration object are generated with the 
program as a reference to perform the calibration. The exact position of only three of the 
points on the 23-point double tetrahedron need to be entered into the program. The 
program calculates the exact position of the remaining 20 points. The coordinates of the 
three points establish the coordinate system used during later measurements. The entered 
values of the coordinates of the 3 points are checked to ensure a double tetrahedron will 
fit inside those coordinates. Small errors in the determination of the true position of the 
three points will lead to malfunctioning of the reconstruction. 
Next a video record of the double tetrahedron is made with the camera setup to be 
used during the flight experiments. The video records of the 23-point double tetrahedron 
are measured to obtain all distortion inherent to the chosen camera setup. Next the 
program calculates a calibration map by comparing the true position of the 23 points on 
the tetrahedron with the measured positions with a direct linear transformation algorithm 
described in detail in the dissertation by Marzan [1976], The calibration map is stored to 
enable 3-D reconstruction of future measurements with the same camera setup. A listing 
of the calibration output pro vides the absolute error of each completed calibration. 
To test the 3-D mode of Mantid with a moving object we made a video tape of the 
following setup. Perpendicular on the axle of a small DC electromotor, powered by a 
regulated power source [Lambda® model LPD 422FM], we clamped a 30-cm beam with a 
11.5 mm diameter bead on its end. The electromotor was positioned so that the bead 
rotated almost in a horizontal plane when the motor was running. 
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Results. 
The Effect of Transcription Error on the Measurements made with the Charlton et al. 
System 
In the Charlton et al. system, a motion analyzer displayed still frames from a video 
record, one at a time, onto a monitor. For each displayed frame the position of the insect 
was transcribed with a pen onto a transparency taped onto the monitor screen. These 
transcriptions were measured with a digitizing tablet. Possible errors can occur at two 
stages of the measurement. A parallax error may occur during reading the position of the 
insect on the monitor and transcribing this position onto the transparency. During 
measurement of the positions on the transparency with the digitizing tablet a second 
source of error is present. A test pattern for the Charlton et al. system was generated with 
the function: Ax) = Cos(k * x) 
We used a graph of this function instead of a flight track because the true coordinates used 
to generate the graph could be used later to obtain the absolute total measurement error. 
A video record was made of the picture, exposing the dots one at a time. The 21 
points on the pattern were transcribed 25 times from the monitor and each digitized once 
to get an estimate of variability in the measurement due to parallax reading and digitizing 
error. 
In Fig. 2.1 the effect of parallax reading error on the transcription of the 21 points on 
the cosine function is obvious. This error is a result of the fact that transcription of the 
positions onto the transparencies occurs in plane separated about 5 mm from the plane 
where the picture is displayed. Variation in the position of the observer determines the 
magnitude of the offset. In this case the observer was not intentionally looking from the 
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Fig. 2.1. Transcription error with the Charlton et al. system after 25 measurements of a video taped graph. 
Line is true position. Horizontal and vertical error bars give the SD in the 2-D measurements. 
left to the picture on the display. Notice that a small reading error causes a substantial 
shift of the pattern up to 2 cm to the left because the scaling factor used to convert units 
transcribed from the monitor to real units magnifies errors. 
Next the picture generated with the algorithm was digitized 25 times and so an 
estimate of variability in the measurement due to digitizing error alone was obtained. The 
tablet appear negligible. Fig. 2.2. The largest source of variability is introduced during 
errors introduced during measuring the positions on the transparency with the digitizer 
transcribing the track from the monitor onto the transparency. Avoiding this step can 
improve the measurement substantially 
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Fig. 2.2. Transcription error with the Charlton et al. system after 25 measurements of the 21 points on a 
transparency with the digitizing tablet. Line is true position. Error bars give the SD in the 
measurements. 
The Effect of Transcription Error on Measurements made with the 2-D Mode of the 
Mantid System 
The Mantid system provides measurement of movement in 2-D. Video recordings 
can be measured at fixed time or distance intervals. With the Mantid system, parallax 
reading errors are removed from the measurement process by loading the video image into 
computer memory and performing the measurement of position on the same display that 
functions as a digitizer. 
The test pattern for the 2-D mode of the Mantid system, a grid pattern with 10 cm 
spacing was made with dots on cardboard. The dots had a diameter of 11.5 mm and an 
area of 60 x 100 cm was covered with 77 dots. A video record of the dots was measured 
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5 times with the 2-D mode of the new measurement system. Two measurements were 
made to demonstrate the effect of the rectangular pixel shape on the conversion of pixel 
counts into units of length. An early experimental version of Mantid did not implement 
the two scaling factors properly during the conversion from pixel counts to centimeters. 
A measurement made with the early version was compared with the final version of 
Mantid. 
In graph [A] of Fig. 2.3 the scale correction of the Mantid system was not working 
properly. When different vertical and horizontal scaling factors are used to convert pixel 
counts into units of measurement it becomes clear that the grid pattern was recorded in a 
tilted position, graph [B] of Fig. 2.3. 
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Fig. 2.3. Transcription error with the Mantid system after 5 measurements of a video record of a picture 
with 76 points on a grid with a 10 cm spacing. Vertical and horizontal error bars give the SD in the 2-D 
measurements. Missing points result from very small SD out of the range of the plotting program. Graph 
A depicts a measurement without correct scaling. Graph B depicts the effect of a separate horizontal and 
vertical scaling factor, as used by the Mantid system, on the measurement. 
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The Effect of Transcription Error on Measurements made with the 3-D Mode of the 
Mantid System 
The 3-D mode of the new system was tested with a video record of the circular 
motion of a bead. A video record was made while the bead made about 49 revolutions per 
minute. The same 24 positions of the bead at 0.1 second intervals were measured 25 
times with the 3-D mode of the Mantid system. 
The precision achieved with direct linear transformation in 3-D reconstruction is 
depicted in Fig. 2.4. In the top 3-D graph one can see that the bead rotated in a tilted 
plane. This is more obvious in the lower right graph that depicts the shallow ellipsoidal 
projection of the track on the XZ plane. The floor projection in the lower left graph 
shows that the tilt was minimal because the projection of the rotation is a circle; larger tilts 
would result in a more ellipsoidal projection. The middle graph shows the standard 
deviations around each of the means over 25 measurements for each point and dimension 
separately. The variability in the estimation of the vertical coordinate was largest but 
accounted no more than 4.9% of the mean value [average 3.1%, n=24]. 
Simulation of Repeated Measurement and Its Effect on Descriptive Variables. 
To test whether repeated measurements lead to improved accuracy with the Charlton 
et al. system we used the 25 measurements made of the 21 points on the cosine function of 
Fig. 1.1. By repeating the measurement of this video taped graph 25 times, we obtained 
an estimate of the effect of transcription error and digitizing error on the variability in the 
total measurement error. 
Next we simulated with a computer program the effect of varying the number of 
replications of measurement on the variability in the measurement by drawing 2, 4, 8, 16, 
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32, 64, or 128 samples with replacement from the original 25 measurements. We 
calculated the mean X and Y coordinates over each set of draws for each of the 21 points. 
Each simulation of the effect of replication [2, 4, 8 . . . 128] was repeated 100 times to 
obtain a close estimate of the variability expected for that particular number of 
replications. 
Because we can generate variability in measurement due to transcription errors with 
the aforementioned method, we also can scrutinize the effect of such variability on 
variables commonly used to describe flight behavior. To simulate a data set equivalent to 
one obtained from an insect flying in wind, we performed the triangle of velocities method 
assuming 10 cm sec1 wind blowing in a steady direction on 'flight tracks' obtained with 
the sampling scheme described in the previous paragraph. 
For each data set a computer program was used to calculate the descriptive variables 
used for flight track analysis [See General Introduction], The average value for the 
direction of drift, the ground speed and the airspeed was calculated as well as the rate with 
which these three entities changed direction. Drift is the angle between direction of 
ground speed and direction of airspeed [Marsh et al., 1978], The drift angle was not 
affected by repeating the measurements, whereas most other derived variables stabilized 
after 8 repeated simulations [Fig. 2.5]. Because there is a strong bias in the 
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Fig. 2.5. A simulation of the effect of increasing the number of transcriptions on the variability of 
descriptive values based on the measurement of the insect over time with the Charlton et al. system. The 
numbers of replications of the measurements are 1,2, 4, 8, 16, 32, 64, 128 and plotted in a logarithmic 
scale. The data point furthest to the right is the true value based on the coordinates used to generate the 
test pattern of Fig. 2.1. 
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Table 2.1. The averaged standard deviation for 3-D measurements of 24 positions of a bead rotating on a 
stick as a function of the number of repeated measurements. N is the number of simulated replications of 
the measurement. 
N X [cm] Y [cm] Z [cm] Ground 
speed [cm 
sec-1] 
X component 
Ground speed 
[cm sec-1] 
Y component 
Ground 
speed 
[cm sec-1] 
Z component 
Ground 
speed 
[cm sec-1] 
1 0.21 0.22 0.89 7.57 5.63 6.25 23.90 
2 0.19 0.17 0.75 5.45 4.02 4.43 17.04 
4 0.14 0.12 0.53 3.71 2.9 3.08 12.33 
8 0.09 0.09 0.36 2.66 2.09 2.24 8.56 
16 0.07 0.07 0.27 1.89 1.51 1.60 6.29 
32 0.06 0.05 0.20 1.37 1.06 1.18 4.40 
64 0.04 0.04 0.14 0.92 0.74 0.80 3.05 
128 0.03 0.03 0.10 0.65 0.52 0.55 2.14 
measurements of Fig. 2.1, the values for the descriptive variables based on the 
measurement with the Charlton et al. system did not approach the true values based on the 
true coordinates. The discrepancy was less severe for the drift angle and turn rate of the 
drift. 
The same procedure as described for the Charlton et al. system was used to simulate 
replication with the 3-D data, using the pattern of the rotating bead in Fig. 2.4. In Table 
2.1 it is obvious that there was improvement in the variability with increasing replication. 
Comparison of Three Filtering Techniques 
Filtering can be used to get more realistic velocity estimates based on measurements 
of position over time. Wagner [1986] used a binomial filter to reduce transcription error 
in his 3-D measurements of flight behavior of the housefly [Musca domestica L.]. A 
binomial filter replaces each coordinate by including the coordinates of two neighboring 
points with the following equation: 
A(f) = 0.25 * X(t-2) + 0.5 * X(t) -(- 0.25 * X^+i) 
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Videler [1981] used five points Lagrange interpolation to obtain velocity estimates of 
swimming fish. This method uses two neighbors on each side of a given point with the 
following equation: 
U(f) — \X(t-i) ~X(t+2) — 8 * X(t~i) — X(f+i)]-r 12 
Rayner [1985] argued that fourth difference smoothing [Lanczos, 1964] is the most 
appropriate because it assumes that acceleration and with it thrust does not change within 
the period between samples. First the coordinates are smoothed with the following 
equation where Aj) stands for the fourth order difference at time t obtained from a 
difference table: 
4>=*«-£* a S, 
Next the velocity is estimated from the smoothed coordinates with the equation: 
We tested the effect of filtering on the variability of descriptive variables. In this 
simulation we generated variability by assuming a track was transcribed once. One 
hundred data sets of one simulated repeated measurement of the pattern depicted in Fig. 
2.1 were used to test the effect of filters. Descriptive variables were calculated for each 
of the hundred data sets using a track analysis program. We entered wind of 10 cm sec'1 
with a fixed direction. 
For data sets collected with the Charlton et al. system, the variability in the ground 
speed and change in the direction of drift is most reduced by fourth difference smoothing 
[Table 2.2], Variability in the direction of drift and the remaining turn rates is most 
reduced with binomial filtering and finally airspeed was least variable with five points 
Lagrange interpolation. The average standard deviations over all descriptive variables 
are: No-filter 5.97; Binomial-filter 1.79; Fourth difference smoothing 1.77; 5-points 
25 
Lagrange interpolation 3.38. Fourth difference smoothing produced the greatest average 
reduction in variability of all descriptive variables together. 
In 3-D measurements a similar improvement in the variability is obvious. Table 2.3. 
We performed the same simulation as with 2-D measurements, generating variability 
Table 2.2. Comparison of effect of filters on the standard deviation of various descriptive variables using 
the same data set obtained with the Charlton et al. system. 
Type of filtering 
technique 
Drift Ground 
speed 
Airspeed Turn Rate 
Ground speed 
Turn Rate 
Airspeed 
Turn Rate 
Drift 
No-filter 1.564 0.088 0.064 15.18 4.750 14.2 
Binomial-filter 1.556 0.103 0.073 3.61 1.37 4 
Fourth difference 
smoothing 
1.561 0.070 0.064 3.81 2.16 2.96 
5-points Lagrange 
interpolation 
1.557 0.086 0.053 7.44 5.69 5.43 
expected for one transcription. We used the data set pictured in Fig. 2.4. Reduction of 
variability in ground speed is most drastic using fourth difference smoothing. Although 
the variability in the measurement with 3-D mode of the Mantid system is on average less 
than 4% the velocity estimates are noisy, particularly in the vertical direction. With fourth 
difference smoothing levels of noise drop by one-fourth. 
Table 2.3. Standard deviation for 3-D measurements of a bead rotating on a stick as affected by filtering. 
Type of filtering technique Ground speed 
[cm sec-1] 
Ground speed 
X [cm sec-1] 
Ground speed 
Y [cm sec-1] 
Ground speed 
Z [cm sec-1] 
No-Filter 7.57 5.63 6.25 23.9 
Binomial-filter 2.48 2.18 2.44 9.29 
Fourth difference 
smoothing 
1.67 1.39 1.47 5.94 
5-points Lagrange 
interpolation 
3.74 3.06 3.94 13.78 
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Filtering and Its Effect on Detection of Treatment Effects 
To test whether filtering affects the chance to detect systematic changes in flight 
responses, we performed the following simulation. We used the data sets of the previous 
tests of the Charlton et al. system [Fig. 2.1] and the 3-D mode of the Mantid system [Fig. 
2.4]. Next we simulated a systematic change in the average course angle by changing the 
wind direction while using the same simulated flight track. To standardize the effect of 
changing the wind direction on airspeeds, wind speed entered into the track analysis 
program was kept at 3 times the average ground speed. In the 3-D test the average 
ground speed was 133 cm sec'1, as compared to 3.5 cm sec1 in the 2-D test. Therefore 
wind speed entered in the track analysis program was set at 400 cm sec1 for the 3-D and 
at 10 cm sec1 for the 2-D test. The wind direction was changed in 7 steps of increasing 
size [0.5, 1, 2, 4, 8, 16, and 32 degrees]. We tested how many degrees the wind direction 
had to change before we could detect significant changes in the airspeed. Because we 
used the same 'flight track' and therefore the ground speed remained the same, the 
airspeed had to change. 
Treatment effects on airspeed [Tables 2.4 and 2.5] and turn rates of airspeed will be 
more likely detected with fourth difference smoothing compared to no-filter measurements 
for both measurement systems. With the Charlton et al. system, differences in airspeed 
were detected when a change of 1.5 degree in the course angle was simulated using fourth 
difference smoothing compared to 7.5 degrees without filtering. Differences in the turn 
rate of the airspeed were not detected at all without filtering. In this case fourth difference 
smoothing detected changes in the turn rate of the airspeed vector with a one degree 
changes in course angle. 
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Table 2.4. Effect of filtering on power to distinguish between 2-D differences in airspeed resulting from 
varying the wind direction. Measurements from Fig. 2.1 made with the Charlton et al. system are used. 
Sdif: smallest significant treatment effect in degrees. 
SDif Df SumSquares F-value 
Airspeed 
No-Filter 7.5 6 12.06 432.97 
Fourth difference smoothing 1.5 6 13.4 624.49 
Turn rate Airspeed 
No-Filter ns 6 136.76 1.14 
Fourth difference smoothing 1 .0 6 654.64 27.31 
In Table 2.5 differences in detecting a treatment effect between no-filter and fourth 
difference measurements are found in the total and vertical component of the airspeed. A 
twofold improvement in the detection of changes in airspeed resulting from changes in 
course angle can be expected. 
Table 2.5. Effect of filtering on power to distinguish between 3-D differences in airspeed resulting from 
vaiying the wind direction. Measurements with 3-D mode of the Mantid system shown in Fig. 2.4 are 
used. Sdif: smallest significant treatment effect in degrees. 
Total airspeed Sdif Df SumSquares F-value 
No-filter 4 6 330.6 149.92 
Fourth difference smoothing 2 6 443.73 577.16 
Horizontal component airspeed 
No-filter 0.5 6 82,299.11 99,999.99 
Fourth difference smoothing 0.5 6 81,570.05 99,999.99 
Vertical component airspeed 
No-filter 12 6 1.14 8.17 
Fourth difference smoothing 8 6 0.6 6.72 
Discussion 
The Mantid system in 2-D mode has several advantages over the Charlton et al. 
system. Transcription of flight tracks from a monitor onto a transparency is no longer 
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necessary. This alone make the process less labor intensive. But in addition this method 
leads to improved accuracy of measurements. When an observer moves during 
transcription, biased measurements can result, as is shown in Fig. 2.1. This study shows 
that by avoiding this step the largest source of error in the measurement is eliminated. 
Another advantage of the Mantid system is the computer-controlled frame advancement. 
Once a sample interval of one tenth of a second is entered and the software is adjusted to 
the delay in the execution of the command by the motion analyzer, one can be assured that 
no variation in the time-lapse of the sampling rate will occur. Because the computer 
stores the coordinates for each position of the insect as soon as it is digitized, measuring 
very convoluted tracks is less complicated. Measuring tracks with a fixed-distance 
interval is not possible with the Charlton et al. system. 
Repeating the transcription will reduce the variability in the measurements for both 
the Charlton et al. and Mantid system. After 8 simulated transcriptions, the variability in 
the measurements dropped to level equivalent to 128 simulated transcriptions. Fig. 2.5. 
This means that 8 transcriptions are sufficient to limit the effect of variability in the 
transcription on the overall measurement assuming an unbiased transcription. To avoid 
labor intensive measurement procedures three different methods for filtering were 
explored: binomial filtering, five points Lagrange interpolation and fourth order 
differencing. 
Of the three methods explored, fourth order differencing, the method preferred by 
Rayner et al. [1985], performed best. In particular, variability in the estimates of the 
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vertical component of the ground speed made with the 3-D mode of Mantid was reduced 
to one fourth of the non-filtered values. 
This study shows that when we simulated a systematic change in the course of an 
insect relative to wind while maintaining a fixed ground speed, the use of fourth difference 
smoothing will enhance the chance to detect a change in airspeed up to 5-fold. Without 
filtering, changes present in the turn rate of the course were not detected with the 
Charlton et al. system. 
The Mantid system has the option to sample movement at a fixed distance interval. 
This method has an advantage over fixed time interval sampling, because one can set in 
advance the spatial density of the sampled movements. The Mantid system provides a 
practical solution for measuring video recordings based on simple video equipment and a 
personal computer. It is the only system geared to reconstruction of insect flight in three 
dimensions. 
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CHAPTER 3 
A COMPARATIVE STUDY OF FLIGHT RESPONSES TO SEMIOCHEMICALS BY 
A MOTH AND A PARASITOID USING A COMPLETE RECORD OF MANEUVERS 
TAKEN FROM VIDEO TAPED FLIGHT TRACKS 
Introduction 
Almost all studies of flight behavior in odor plumes are based on summary values of 
measurements representing the average response of an insect over a certain distance or 
time. A commonly used sample unit, for example, is all behavior within the camera 
viewing area. In studies of male moths that perform zigzagging upwind flight to 
pheromone, another sample unit often appears in the literature: the cross wind leg between 
countertums. The question arises whether ignoring the effect of timing and size of 
samples obscures certain behavioral responses. Currently no analysis techniques evaluate 
whether a more detailed understanding of flight maneuvers can be obtained by studying 
variability in behavior now contained within the summary score representing a certain 
aspect of flight behavior. 
Flying insects are guided by multiple sensory modes. Male moths initiate and 
maintain upwind flight upon sensing odors signaling the presence of virgin females 
[Kennedy, 1986]. Female parasitic wasps fly upwind and land nearby its host in response 
to emission of host odors [Drost et al., 1986], Grasshoppers sense their airspeed with 
mechano receptors [Gewecke, 1975], Mosquitoes [Kennedy, 1940], parasitoids [Zanen et 
al., 1989], several species of flies [ffuitflies: David, 1982; hoverflies: Collett, 1980; tsetse 
flies: Colvin et al., 1989] and moths [gypsy moth: Carde and Hagaman, 1979, oriental fruit 
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moth: Baker and Hayes 1987] control their progress relative to the visual surround in 
wind and react to being blown off course with an optomotor response. Studies in flight 
tunnels of odor-mediated upwind flight have been focused on behavioral responses guided 
by two sensory modes: vision and olfaction [Kennedy, 1986], 
Insects aim their thrust relative to the visual surround [Kennedy, 1986], Ground 
speed calculated from the flight tracks represent the outcome of the flight behavior. The 
airspeed can be derived from the ground speed and the wind with the triangle of velocities 
method [Marsh et al., 1978], The angle between ground speed and airspeed vectors, 
known as the drift angle, is a calculated value. The airspeed vector is the direct 
representation of the work the insect is doing, the drift angle represents how the insect is 
aiming its thrust relative to the direction of motion; in wind these are not aligned unless 
the thrust is aimed parallel to the wind direction. Flight responses to the visual surround 
are commonly studied using the transverse and longitudinal components of the ground 
speed vector [Marsh et al., 1978; Willis and Carde, 1990]. 
Movements of odor, once it is released from the source, are primarily determined by 
the movements of the air in which its is suspended. The concentration of odor molecules 
inside the plume depends on two factors: molecular diffusion and turbulent diffusion 
[Murlis et al., 1992], Because the spatial distribution of odor molecules is dominated by 
"large-scale" turbulence, molecular diffusion is deemed not important in flight tunnel 
studies [Murlis et al., 1992]. Therefore, an appropriate variable to describe the response 
to the olfactory stimulus for flying insects is the airspeed vector, because it describes 
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exactly how the insect is moving relative to the odor molecules suspended relatively 
motionless in the turbulent air. 
All flight behavior can be described in two components: a rate change in forward 
motion also called an orthokinetic response and a change in the turn rate also called a 
klinokinetic response [Kennedy, 1986]. A source for techniques to describe how these 
two responses can be combined was published by Batschelet [1981]. An appropriate 
summary statistic representing flight behavior in terms of direction and speed 
simultaneously is the mean vector. Batschelet [1981] pointed out that the mean vector 
length depends on the sample size over which it is calculated. It follows that when sample 
size among tracks is not standardized, one introduces variation in the data that is not 
related to the behavior but to the sampling scheme. 
Another approach is to study readily-recognizable maneuvers. Moths in odor plumes 
fly zigzagging flight tracks. The regular reversal of the direction of flight persists after 
removal of the odor stimulus [Marsh et al., 1978] or stoppage of the wind [Kuenen and 
Baker, 1983]. Several filtering methods have been described to identify individual legs 
and next calculate summary statistics for these legs. Accumulation of ground track angles 
up to 50 degrees or 70 degrees were used [Marsh et al. 1978; Kuenen and Baker, 1982b; 
Charlton et al. 1993], All these techniques serve a dual purpose: they detect when a new 
crosswind leg starts and limit the effect of transcription errors on such a decision. 
This study explores whether a more general approach for detection of maneuvers 
improves our insight into the behavioral mechanisms operating during odor-mediated 
upwind flight. 
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The underlying assumption is that flight behavior comprises distinctive and mutually 
exclusive maneuvers that can be performed at any moment in any sequence. The duration 
of each maneuver need not be known in advance and no temporal regularity is assumed. 
Each maneuver distinguishes itself from others by its unique combination of visual input 
and flight motor output. 
Direct observations of behavior can be recorded with an event-recorder in separately 
recognizable units, called behavioral acts, which are described by form [Martin and 
Bateson, 1986]. These sets as a group cover all possible acts and are not overlapping. 
During a response to a stimulus the sequence and duration of each act performed is 
recorded. However, this approach has not been adapted to studies of flight behavior. 
Zanen et al. [1989] did not distinguish between the responses casting and zigzagging 
because, although they can be measured from flight tracks obtained from video recordings, 
direct observation methods were deemed not reliable. Direct observation is suitable only 
when behavior can be split into distinct categories: gradual differences cannot be used. 
Insects can change in flight gradually between casting and zigzagging. Both flight 
maneuvers include reversals of the drift, but during casting there is no upwind progress. 
All flight with some upwind progress is labeled zigzagging. 
Another essential part of this method is the definition of maneuvers. Even when a 
exact description of the characteristics of a maneuver is given [Zanen et al., 1989], there 
may be substantial differences in the reliability of the categories to measure the behavior 
for several reasons. First there may be variability between observers in what is recognized 
as a maneuver of a certain kind. If one is interested in the temporal aspects of the 
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sequence of maneuvers, particularly with flight behavior, it is difficult to keep up with the 
rapid succession of maneuvers and therefore biased observations are likely. 
The aforementioned problems made us decide to combine video recording and direct 
observation techniques. To adapt a description in behavioral categories to the analysis of 
flight behavior collected with video records one has to decide which of the available 
descriptive variables to use, how to combine them to define distinctive maneuvers, and 
lastly how to study temporal and sequential aspects of subsequently performed 
maneuvers. 
Flight motor output can be used to speed up flight or to change the direction of flight. 
To map how flight motor output is used to change flight speed, we decided to use the 
transverse and longitudinal component of the ground speed, which are also used to 
describe image flow. In addition, we used the turning rate of the ground speed vector to 
map the changes in direction of movement. The idea behind this choice is that a maneuver 
is the result of how the insect partitions its flight motor force into thrust and torque and 
how it aims thrust relative to the direction of movement. In still air the transverse 
component of movement is zero and the three factors collapse into two: the turning rate 
and the ground speed. 
The detection of maneuvers was performed in two steps. First we used cluster 
analysis to detect certain combinations of values for image flow and turning rate that are 
similar. If a maneuver exists, one expects that the insect combines its visual image flow 
and turning rates around a certain value. The first use of cluster analysis to define 
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behavioral acts was from measurements of videotaped behavior of flamingos [Davies, 
1978]. 
Special techniques are available to detect whether all clusters present are indeed 
detected. Cluster analysis itself sets no rules regarding the number of clusters present. In 
a comparative study of the success of several rules to detect the correct amount of 
clusters in a data set with a known preset number of clusters [Milligan and Cooper, 1985], 
one method outperformed others. We decided to use only the top performing one, the 
Pseudo F-square statistic [Calinski and Harabasz, 1974], 
This study will present an analysis based on maneuvers representing the behavioral 
responses to floor patterns while flying upwind a plume of semiochemicals by the gypsy 
moth Lymantria dispar further referred to as "moths" and the parasitic wasp Microplitis 
croceipes further referred to as "wasps". First we will define a behavioral repertoire for 
each species based on flight tracks collected over a wide range of experimental conditions. 
Next we will use these behavioral repertoires to study the effect of floor patterns on flight 
responses using only those flights collected in that particular experiment. This experiment 
is also analyzed using conventional methods in Chapter 4. 
Material and Methods 
To obtain a complete repertoire of maneuvers performed by flying M croceipes, a 
total of 571 flight tracks of the experiments performed in Chapters 4, 5, 8, and 9 of this 
dissertation were used to construct distinctive maneuvers. To compile the flight maneuver 
repertoire of the gypsy moth we collected 126 flights over several experiments. For 
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gypsy moth we used flights performed in Chapters 4 and 6 of this dissertation. In 
addition, we used 72 flights collected by Bas Kuenen [Kuenen and Carde, 1993] in a 
study of the effect of body size on the flight behavior. 
For each flight track we calculated the image flow represented by the transverse and 
longitudinal components of the ground speed and the turning rates of the ground speed 
with a track analysis program. Fourth order differencing was used to smooth the 
measurements of the flight tracks. The same method was used to derive the velocities 
from the positions over time taken from the flight tracks. The turning rate was given a 
positive sign for clockwise and negative for counterclockwise. 
Next we performed K-means clustering as provided by the program PROC 
FASTCLUS [1990 SAS Institute], with increasing numbers of initial clusters assumed to 
be present [five to 105 in steps of ten]. For each run the Pseudo F-score [Calinski and 
Harabasz, 1974] was collected to determine what number of clusters most likely 
represented the repertoire of maneuvers performed by the insects under all tested 
experimental conditions. The number of clusters following the largest decrease in the 
Pseudo F-score was taken as the "correct" number of clusters [Davies, 1978]. Once the 
number of clusters was decided, we transformed all track measurements into a complete 
record of the flight represented by the sequence and duration of flight maneuvers. 
For each of the three experimental conditions: dots, parallel stripes and perpendicular 
stripes [for a complete description see Chapter 4], we calculated the percentage and total 
time spent on each maneuver by each insect. With one way analysis of variance, we 
tested for treatment effects after using Shapiro's test to verify whether the obtained values 
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were normally distributed and Levene's test for homoscedasticity. Variables with unequal 
variance that failed the Levene's test we compared using the Welch and Brown-Forsythe 
statistic as provide by BMDP7D [Dixon, 1990], 
Results 
Behavioral repertoire for Microplitis croceipes 
In Fig. 3.1 the pseudo F-statistic as a function of the numbers of clusters was 
graphed forM croceipes. The biggest drop in the pseudo F-scores 
Fig. 3.1. Pseudo F-square [PFsq.] score as a function of the number of clusters assumed present for M. 
croceipes. The biggest drop in the PFsq occurs when 15 clusters are assumed present, marked with an 
arrow. This number was used to generate the 14 maneuvers performed by M. croceipes in Fig. 3.2. 
occurs once 15 clusters are assumed to be present forM croceipes. When less than 15 
maneuvers were assumed to be present, we found 14 different maneuvers with cluster 
analysis. In Fig. 3.2 we plotted the values for image flow and turn rate of the ground 
speed vectors for each of the 14 maneuvers in a profile plot. Seven maneuvers have low 
turn rates and forward movement: twa upwind [F, L], three crosswind to the right [E, I, J] 
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Cluster Names 
▼-▼ Turn rate Ground speed Vector 
V-V Transverse Component 
® • Longitudinal Component 
Longitudinal Component Turn rate Ground speed Vector 
Fig. 3.2. Flight maneuvers by M croceipes. Top graph is a profile plot of the combinations of transverse 
and longitudinal image flow and the turn rate of the ground speed vectors for each of the 14 detected 
maneuvers. The lower right graph shows the maneuvers grouped by clockwise and counter clockwise turn 
rates and transverse component of image flow. The lower left graph shows for each maneuver the 
longitudinal and transversal component of the image flow. 
and two to the left of the wind line [A, H]. One maneuver had low turn rates and little 
forward movement [K]. Six maneuvers have high turn rates and low net movement: three 
clockwise [D, G, M] and three counter clockwise [B, C, N], Turning to either side of the 
wind line is apparently controlled around three rates. 
In Table 3.1 the frequency, duration, airspeed and tumrate of airspeed of each 
maneuver over all the flights that were used to compile this behavioral repertoire are 
summarized. Two turns [C, M] last only on average one tenth of a second and both 
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clockwise and counter clockwise versions of this turn are very similar in execution. 
Thrust was surprisingly similar among the maneuvers with the exception of straight 
upwind flight [F ,L] and crosswind flight to the left of the wind line [E], An asymmetric 
anomaly appears during crosswind maneuvers to the right of the wind line [E], Maneuver 
E is a high speed crosswind flight not appearing to the left of the wind line. 
Table 3.1. Summary values of duration of bouts, airspeed, and turn rate of airspeed for each maneuver 
performed by M. croceipes. 
Maneuver Type 
Name 
Number of bouts Duration of bouts 
in 0.1 s 
Airspeed during 
maneuver in 
cm sec'1 
Turn rate of airspeed 
during maneuver in 
deg sec'1 
Hovering 
K 3,380 3.58 ±5.69 82.65 ±0.72 -0.81 ±5.14 
Upwind flight 
F 1,627 3.71 ±3.55 104.75 ±0.14 -0.29 ±3.16 
L 159 3.33 ±2.48 128.37 ±0.02 0.43 ± 7.93 
Crosswind left 
A 659 3.00 ± 1.76 86.98 ±0.05 4.25 ±9.14 
H 1,951 2.37 ± 1.87 81.18 ± 0.25 0.11 ±8.85 
Crosswind right 
E 212 2.72 ± 1.69 101.4 ± 0.15 -3.03 ±8.35 
I 2,036 2.09 ± 1.55 83.97 ±0.25 -0.56 ±8.83 
J 841 2.27 ± 1.6 87.07 ± 0.47 -3.17 ±8.49 
Counter 
clockwise 
B 2,559 1.57 ±0.91 87.63 ± 0.45 -4.34 ±9.01 
C 601 1.00 ±0.04 75.98 ±0.09 -1.22 ± 18.27 
N 1,105 1.17 ±0.39 80.25 ±0.24 -1.82 ± 15.07 
Clockwise 
D 1,460 1.44 ±0.57 81.48 ±0.67 3.02 ± 14.24 
G 3,636 1.64 ± 1.02 86.12 ±0.72 4.18 ±7.73 
M 896 1.00 ±0 76.54 ± 0.68 1.35 ± 18.26 
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Behavioral repertoire for Lvmantria dispar 
In Fig. 3.3 the pseudo F-statistic as a function of the numbers of clusters was 
graphed for L. dispar. The biggest drop in the pseudo F-scores occurs once 16 clusters 
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Fig. 3.3. Pseudo F-square [PFsq.] score as a function of the number of clusters assumed present for L. 
dispar. The biggest drop in the PFsq occurs when 16 clusters are assumed present, marked with an arrow. 
This number was used to generate the 15 maneuvers performed by L. dispar in Fig. 3.4. 
are assumed to be present for L. dispar. When less than 16 maneuvers were assumed to 
be present, we found 15 different maneuvers with cluster analysis. In Fig. 3.4 we plotted 
the values for image flow and turn rate of the ground speed vectors for each of the 15 
maneuvers in a profile plot. There are 8 maneuvers with a low value for the transverse 
component of the image flow and a high turn rate. Four of those maneuvers turn counter 
clockwise [A, I, J, K] and four turn clockwise [O, G, L, F], There are 6 maneuvers with 
little turning: three to the left of the wind line [B, C, D] and three to the right of the wind 
fine [E, H, M]. Maneuver [N] is an anomaly because during the execution the moth turns 
clockwise while flying forward to the right of the wind line and no counter clockwise 
equivalent is detected. In Table 3.2, we summarized the frequency, duration, airspeed 
and tumrate of airspeed of each maneuver over all the flights that were used to compile 
this behavioral repertoire. 
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T-▼ Turn rate Ground speed Vector 
V V Transverse ComDonent 
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Longitudinal Component Turn rate Ground speed Vector 
Fig. 3.4. Flight maneuvers by L. dispar. Top graph is a profile plot of the combinations of transverse and 
longitudinal image flow and the turn rate of the ground speed vectors for each of the 15 detected 
maneuvers. The lower right graph shows the maneuvers grouped by clockwise and counter clockwise 
turn rates and transverse component of image flow. The lower left graph shows for each maneuver the 
longitudinal and transversal component of the image flow. 
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Table 3.2. Summary values of duration of bouts, airspeed, and turn rate of airspeed of each maneuver 
performed by L. dispar. 
Maneuver Type 
Name 
Number of 
bouts 
Duration of 
bouts in 0.1 s 
Airspeed 
during 
maneuver in 
cm sec'1 
Turn rate of 
airspeed during 
maneuver in 
deg sec'1 
Crosswind left low turn rate 
B 177 2.18+1.14 135.40 ±29.50 2.87 ± 9.03 
C 408 1.80 ±0.92 102.89 ±22.38 3.15 ± 11.14 
D 907 1.62 ±0.99 92.73 ±33.93 2.60 ±7.25 
Crosswind left clockwise turn 
N 328 1.18 ± 0.41 110.89 ±26.30 16.77 ± 7.60 
Crosswind right low turn rate 
E 980 1.86 ± 1.33 94.97 ± 34.75 -0.47 ±6.35 
H 566 1.90 ±1.08 103.58 ± 24.07 -1.52 ± 10.97 
M 158 2.05 ±0.97 132.50 ±23.45 -6.41 ± 9.21 
Clockwise turn 
A 224 1.00 ± 0.07 77.12 ±26.67 -1.94 ±27.97 
I 355 1.06 ± 0.23 78.65 ±31.30 -4.41 ±25.42 
J 701 1.41 ±0.56 93.50 ± 32.68 -9.88 ± 11.66 
K 964 1.36 ±0.77 80.65 ± 32.79 -3.62 ± 10.55 
Counter clockwise turn 
F 149 1.00 ±0.00 73.49 ±26.18 3.05 ±29.47 
G 407 1.19 ±0.44 76.56 ± 30.87 0.63 ± 24.38 
L 198 1.00 ± 0.00 76.54 ±29.91 3.65 ±25.87 
0 859 1.33 ±0.75 83.56 ±33.87 5.53 ± 12.47 
With the cluster analysis technique we detected different types of maneuvers for the 
two species. The wasps flew three maneuvers never performed by the moths: hovering 
and straight upwind flight at two velocities. Moths never flew straight upwind but have 
another unique maneuver: the turning cross wind flight [N], Both species have turning 
modes both clockwise and counterclockwise during which they drift a little sideways. 
This means that during such turns they aim close to straight upwind. The moth has 4 
different values of turning rates around which it controls its turning, the wasp three. 
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Moths have three speeds at which they fly crosswind to either side of the wind line wasps 
two. No maneuver lasted longer then three-tenths of a second making it impossible to 
collect maneuvers in the correct sequence and duration by direct observation. In addition, 
the crosswind excursions detected for L. dispar all lasted about two tenth's of a second 
which is in agreement with prior work on the periodicity of counter turning in the gypsy 
moth [Charlton et al., 1993], 
Changes in Flight-time and Number of Maneuvers in Response to Treatments 
Both species changed the overall duration of the flight and the number of maneuvers 
executed during those flights above one of the three different floor patterns Table 3.3. 
Flights above dots and stripes perpendicular to the wind line were similar and both differed 
from flight above stripes parallel to the wind line. Flights above stripes parallel to the 
wind line were of the shortest duration and comprised the fewest maneuvers. For moths 
both of these parameters dropped equally, and therefore the average duration 
Table 3.3. Overall flight characteristics above three floor patterns by L. dispar and M. croceipes. Number 
of insects released is [N], Averages + SD rounded to the nearest integer are given for flight duration and 
number of maneuvers. Duration per maneuver in average ± SD. P-values are obtained with one-way 
analysis of variance of floor pattern effects on flights of each species. 
Species Floor Pattern N Duration of 
flight in 0.1 s 
Number 
maneuvers 
per flight 
Duration of 
maneuver in 0.1 s 
L. dispar P=0.0017 P=0.0014 P=0.0679 
Dots 15 95 ± 45a 65 ± 33a 1.49 ±0.14 
Perpendicular stripes 12 99 ± 49a 74 ± 38a 1.36 + 0.10 
Parallel stripes 15 47 ± 25b 31 ± 18b 1.74 ±0.68 
M. croceipes P=0.0008 P=0.0005 P=0.0005 
Dots 17 111 ±63a 60 ± 38a 2.02 ± 0.40a 
Perpendicular stripes 16 139 ± 100a 72 ± 52a 1.90 ± 0.28a 
Parallel stripes 16 40 ± 32b 18+ 17b 2.84 ± 1.10b 
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for each maneuver was not affected. Above stripes parallel to the wind line, wasps 
employed a reduced number of maneuvers and each maneuver was executed for a longer 
period of time than over dots and stripes perpendicular to the wind line. 
Comparison of treatment effect on total time spent on each maneuver during a flight 
Moth spent an equal amount of time to cross wind flight to the left [C] of the wind 
line above dots and stripes perpendicular to the wind line. Table 3.4. Above stripes 
parallel to the wind line moths spent little time on maneuver C. 
Duration of maneuvers executed by wasps above the three floor patterns were 
different for five maneuvers [A, B, D, F , L, Fig. 3.2], Flights above dots could be 
distinguished from other flights by the longest duration for slow upwind flight [F], Table 
3.5. Wasps during flights above stripes perpendicular to the wind line spent little time on 
fast straight upwind flight [L], Flights above stripes parallel to the wind line contained 
little total time spent on turning maneuvers [B, D] but wasps spent more time on upwind 
flight [F]. 
Table 3.4. Summary of maneuvers by L. dispar whose durations were significantly affected by the floor 
pattern on the flight tunnel floor. Duration is in 0.1 s and average ± SD [N] are given in column 3. 
Differences between treatments and the spread in the difference are given in column 4,_ 
Lymantria dispar 
Crosswind flight to the left of the wind line [C] 
floor pattern [ANOVA: 
P=0.0470] 
Mean ± SD [N] Difference between 
Means ± SD 
dots 7.80 + 4.46 [15] 
dots - stripes perpendicular ns 
stripes perpendicular 10.45 ±7.93 [12] 
perpendicular - parallel 6.25 ±4.92 
stripes parallel 4.20 ±3.39 [10] 
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Table 3.5. Summary of maneuvers by M. croceipes whose durations were significantly affected by the 
floor pattern on the flight tunnel floor. Duration is in 0.1 s and average ± SD [N], 
BEHAVIORAL RESPONSE Duration of each maneuver above a floor pattern 
in 0.1 s performed during a flight. Mean + SD 
Maneuver ANOVA [P] Dots 
[N=17] 
Perpendicular 
Stripes [N=16] 
Parallel Stripes 
[N=16] 
Fast crosswind flight to the left [A] P=0.0218 10 + 3.25ac 16.31 ±2.38ab 4.43 + 3.25° 
Slow counter clockwise turn [B] P=0.0374 13.41 + 2.22a 13.69+ 2.29a 4.7 + 2.9b 
Medium clockwise turn [D] P=0.0122 6+ 1.26a° 9.13 + 1.18ab 3 ± 1.58° 
Slow straight upwind flight [F] P=0.0003 21.88 ±2.01a 10.56 + 2.07b 10.64+ 2.22b 
Fast straight upwind flight [L] P=0.0065 4.5+ 1.85ac 1 + 1.85ab 8.58+ 1.07° 
Comparison of treatment effect on frequency of maneuvers 
For each flight we calculated how many times each maneuver was performed. Each 
maneuver was given a percentage, with all maneuvers together scoring 100%. Both 
wasps and moths changed the mix of maneuvers used during flight above the three floor 
patterns. 
The interpretation of the differences in percentages is complicated by the difference in 
overall duration and number of maneuvers executed during a flight [Table 3.3], Flights 
above dots and stripes perpendicular to the wind line lasted longer and had a higher 
number of maneuvers compared to flights above parallel stripes [Table 3.3] 
Moths varied the number of times they performed five maneuvers above the three 
different floor patterns [Table 3.6], 
Flights above stripes parallel to the wind lasted half as long as flights above dots and 
stripes perpendicular to the wind [Table 3.3], Therefore all percentages for maneuvers in 
the fourth column of Table 3.6 that did not increase two fold are executed less often then 
expected. In other words compared to the two other floor patterns, floors with stripes 
perpendicular to the wind evoke a lesser percentage of turning [O, G, L, D] and crosswind 
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flight [D], Flights lasted equally long above dots and stripes perpendicular to the wind. 
Moths turned more frequently above stripes perpendicular to the wind line compared to 
dots, with the exception of one turning maneuver [O, G, K versus L], Crosswind flight 
was only more frequent to the left of the wind line [D], 
Wasps varied the number of times they performed 10 maneuvers above the three 
different floor patterns [Table 3.7], Flights above stripes parallel to the wind comprised a 
third of the number of maneuvers compared to flights above dots and stripes perpendicular 
to the wind [Table 3.3], Therefore all percentages for maneuvers in the fifth column of 
Table 3.7 that did not increase three fold are executed less often then expected. 
Frequency of straight upwind flight increased threefold, close to the expected 
frequency in response to changing the orientation of stripes. 
Table 3.6. A comparison of the frequency of maneuvers performed during a flight above three different 
floor patterns by L. dispar males. Comparisons were tested with analysis of variance. All maneuvers not 
mentioned in this table were executed equally frequent above the three floors. Maneuvers are identified 
with a letter and each maneuver is defined in Fig. 3.4 and Table 3.2. 
BEHAVIORAL RESPONSE Frequency of each maneuver above a floor pattern as 
a percentage of all maneuvers performed during a 
flight. Mean + SD 
Maneuver ANOVA Dots 
[N=17] 
Perpendicular 
Stripes [N=16] 
Parallel Stripes 
[N=16] 
Slow clockwise turn [O] P=0.0070 10.4 + 2.88a 12.54 ± 6.04b 12.75 ±7.19b 
Medium clockwise turn 1 [G] P=0.0110 10.09+3.17a 12.97+ 5.59b 11.33 ±7.67ab 
Medium clockwise turn 2 [L] P=0.0074 10.77 + 2.85a 7.92 + 4.57b 7.44 + 3.14b 
Slow counter clockwise turn [K] P=0.0295 10.35 ±3.26a 12.21 ±6.03b 11.22 + 6.88ab 
Slow crosswind flight to the left [D] P=0.0028 10.03 + 3.05a 12.68+ 6.09b 10.79+ 6.39a 
Of two remaining floor patterns, dots and stripes perpendicular to the wind, stripes evoke 
a lesser percentage of turning [B, N, C, G, D, M], hovering [K], and crosswind flight [H] 
compared to dots. 
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Flights lasted equally long above dots and stripes perpendicular to the wind. Wasps 
turned and hovered less frequent above stripes perpendicular to the wind line, compared 
to dots [B, N, C, G, D, M and K], Crosswind flight was only more frequently to the left 
of the wind line [D], 
Table 3.7. A comparison of the frequency of maneuvers performed during a flight above three different 
floor patterns by M. croceipes females. Comparisons were tested with analysis of variance. All maneuvers 
not mentioned in this table were executed equally frequent above the three floors. Maneuvers are 
identified with a letter and each maneuver is defined in Fig. 3.2 and Table 3.1. 
BEHAVIORAL RESPONSE Frequency of each maneuver above a floor pattern 
as a percentage of all maneuvers performed during a 
flight. Mean + SD 
Maneuver ANOVA Dots 
[N=15] 
Perpendicular 
Stripes [N=12] 
Parallel Stripes 
[N=15] 
Slow counter clockwise turn [B] P=0.0001 12.06 ±0.55“ 6.51 + 0.58b 11.9+1.26“ 
Medium counter clockwise turn [N] P=0.0002 10.21+0.41“ 7.21 ±0.45b 7.64+ l.lb 
Fast counter clockwise turn [C] P=0.0007 9.57 + 0.78a 5.49 + 0.72b 9.85 + 1.8“ 
Slow clockwise turn [G] P=0.0001 11.11+0.54“ 5.83 + 0.51b 8.49 + 1.08c 
Medium clockwise turn [D] P=0.0019 8.6 + 0.65a 6.37 + 0.53“ 10.18 + 1.12“ 
Fast clockwise turn [M] P=0.0399 7.17 + 0.51“ 5.55+0.46^ 7.27 + 0.9“° 
Hovering [K] P=0.0001 13.2 + 0.6a 6.28+ 0.72^ 9.81 + 1.66“° 
Slow crosswind flight to the left [H] P=0.0001 8.07 + 0.41a 5.96 + 0.33b 8.12 + 0.66“ 
Fast crosswind flight to the right [E] P=0.0061 9.28 ± 2.97ac 6.43 + 0.82“b 13.49 + 1.88° 
Slow straight upwind flight [F] P=0.0001 11.35 + 1.14“ 6.26+ 1.28b 17.45 + 1.77° 
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Discussion 
Converting flight tracks into complete records comprising maneuvers each defined in 
a mutually exclusive manner may open new insights into flight behavior. 
Previously the flight maneuver of the male gypsy moth L. dispar studied in great 
detail was the crosswind leg separated by counter turns, executed during upwind 
zigzagging flight [e.g., Willis and Carde 1990; Charlton et al., 1993], This maneuver is 
readily recognizable in flight tracks of gypsy moths responding to wind-dispersed 
pheromone. The current technique shows, however, that the behavioral repertoire of the 
gypsy moth may be much richer. Moths steer around three different directions of image 
flow to either side of the wind line during crosswind zigzagging. Counter turning is not 
controlled at one but 4 different rates both during clockwise and counter clockwise 
turning. 
M. croceipes has a similarly diverse set of flight maneuvers, including three 
maneuvers not seen in the gypsy moth: hovering and straight upwind flight at two 
velocities. 
It must be noticed that the clusters detected with cluster analysis can only serve 
descriptive purposes. Had we decided to study clustering of other variables instead of the 
longitudinal and transversal components of the image flow and the turning rate of the drift 
vector, we could have found an entirely different set of "maneuvers". Cluster analysis 
can be used to perform empirical studies of how flying insects combine sensory input of 
several sensory modalities. It is up to the investigator to choose which ones to explore. 
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The behavioral repertoires of both species had a maneuver without a symmetric 
counterpart. L. dispar performed crosswind flights with clockwise turning to the right [N] 
but a comparable maneuver to the left was not detected. Similarly M. croceipes 
performed three crosswind maneuvers to the right but only two the left of the wind line. 
These discrepancies may be artificial and stem from the choice to use one criterion, namely 
the largest drop in pseudo-F score, to determine the number of "true" clusters present. 
By varying the number of clusters to initiate the K-means clustering procedure we 
explored how the pseudo-F score, a measure for the "true" number of clusters present, 
varied. During the exploration to find the "true" number of clusters representing all 
maneuvers byM croceipes, a symmetric behavioral set was detected twice before and 
after the largest drop in the pseudo-F score. However, during similar explorations done 
on data sets obtained with L. dispar, Drosophila funebris, D. immigrans, and 
Brachymeria intermedia we never obtained symmetric behavioral repertoires after the 
complete range for number of clusters was tested [5 to 105 in steps of 2], 
All flight tracks used in these analyses were on average straight upwind between a 
downwind release point and an upwind odor source. In the case of D. funebris and D. 
immigrans only straight flights reported in Chapter 7 were included. 
The dilemma set by the outcome of these explorations, namely providing one 
transparent rule similar to all insects or using symmetry in the behavioral repertoire alone 
as a criterion, cannot yet be settled. Insects may indeed have asymmetric sets of 
maneuvers. When one decides to use the symmetry criterion in the case ofM croceipes 
additional criteria are needed to choose between the smaller or larger symmetrical set. For 
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these reasons we decided to settle for one transparent rule applicable to all cases, namely 
the number of clusters yielding the largest drop in the pseudo-F statistic. 
In the present study flight tracks were collected from several experiments each testing 
different stimulus conditions. The assumption needed to justify this approach is that 
insects have a limited and fixed repertoire of maneuvers. Moreover, the responses to 
remote stimulus conditions ought to be expressed in a change of the duration and 
frequency of the maneuvers and possibly their temporal and sequential organization. This 
assumption can be false and untested stimulus conditions may yield maneuvers not 
expressed under the presented conditions. 
With the behavioral repertoire obtained for both species based on tracks collected 
from many experiments, we studied differences in responses obtained by changing the 
floor pattern of the flight tunnel. 
Both species shortened the duration of the flights above stripes parallel to the wind 
line compared to the two other floor patterns. As a consequence, fewer maneuvers were 
performed. In addition, the wasps increased the average duration of each maneuver. 
Moths changed the frequency of 5 maneuvers and duration of one maneuver. Wasps 
showed a more pronounced response: they changed the frequency of 10 maneuvers and 
duration of 5 maneuvers. Because we used identical plumes of attractant in the same 
tunnel, changes in the floor patterns altered the flight behaviors. The floor patterns were 
chosen to change the effect of the wind on the visual flow for insects flying upwind. 
Stripes parallel to the wind provide minimized visual flow straight upwind increasing for 
flight directions deviating from the wind line. Stripes perpendicular to the wind provided 
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maximized visual flow straight upwind and decreased for flight directions deviating from 
the wind line. Both species control the rate of overall visual flow and its equivalent the 
ground speed around a certain level for a plume of attractants of a fixed concentration. 
We expected that control of ground speed was less precise above stripes parallel to the 
wind. 
The flight maneuvers of both species of insects were affected by the stripes parallel to 
the wind line, 
type of image 
Crosswind flight was minimized with the visual patterns that provide the 
flow that enhances detection of sideways drift. 
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CHAPTER 4 
THE EFFECT OF FLOOR PATTERN ON FLIGHT MANEUVERS OF FEMALE 
PARASITIC WASPS AND MALE MOTHS RESPONDING TO WIND DISPERSED 
SEMIOCHEMICALS IN A FLIGHT CHAMBER 
Introduction 
In 1940 J.S Kennedy reported an experiment that proved for the first time with 
mosquitoes that in wind insects use vision to control their flight maneuvers. He released 
mosquitoes in a chamber with a moving belt with a striped pattern as the floor. 
Mosquitoes in flight always turned to face the direction of movement of the pattern. With 
wind present in the flight chamber the direction of movement of the floor pattern rather 
than the wind dominated flight behavior. In the late seventies experiments patterned after 
those done by Kennedy in 1940 were repeated with moths responding in flight to sex 
pheromones [Carde and Hagaman, 1979]. Ten years thereafter it was shown that 
hymenopteran parasitoids of the species Microplitis croceipes control ground speed at a 
fixed level in increasing winds [Zanen et al., 1989], 
There are difficulties in the interpretation of flight responses in wind to a pattern on a 
moving belt on the floor of a flight chamber. Movement of the floor patterns have been 
used to provide an insect with its "preferred retinal velocity" [Marsh et al. 1978], The 
floor pattern is moved in the same direction as the wind, but at a speed lower than the 
wind. Moths flying upwind adjust their airspeed to the velocity of the floor pattern. By 
moving the floor pattern at the so-called preferred speed the moth will remain stationary in 
the flight tunnel while heading upwind. The problem is that the simulated ground speed at 
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which this condition appears is always higher than the ground speed maintained by moths 
flying above a stationary floor. Moreover, when moths are forced away from the floor by 
releasing the odor at a higher level in the flight tunnel, movement of the floor pattern no 
longer affects the airspeed [Kuenen and Baker, 1982a; Sanders, 1985], Together these 
observations suggest that moths do not rely exclusively on movement in the ventral area of 
their visual field. Probably all responses to moving floor patterns are therefore 
compounded by the effect of the discrepancy between floor movement and the remainder 
of the visual surround. 
To circumvent this problem and verify the point that vision is used to control ground 
speed by insects flying upwind to a source of semiochemicals, we used three stationary 
floor patterns. The floor patterns were: stripes perpendicular to the wind direction, similar 
stripes parallel to the wind direction, and as a control thirty randomly-placed dots. Two 
species of insects, the gypsy moth Lymantria dispar further referred to as "the moth" and 
"the wasp" Microplitis croceipes, were released in similar wind-dispersed plumes of 
attractants. To evoke upwind flight we used synthetic sex pheromone for the moth, and 
for the wasp we used volatiles emitted by an extract of feces of its host [Lewis and 
Tumlinson, 1988], 
Horizontal flight in still air is like walking on a substrate: one moves exactly in the 
direction one thrusts oneself forward [see the General Introduction for a complete 
discussion]. Under windy conditions, two independent forces determine how insects fly 
in a horizontal plane: the wind and the forward thrust from the wings. A method to 
derive how thrust was aimed relative to the wind from the movement of the insect relative 
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► Vif 
Fig. 4.1. A schematic representation of the effect of the orientation of a ground speed vector relative to a 
striped pattern on the visual flow. [G] overall ground speed, [Gr] ground speed vector relative to pattern, 
[Vif] visual image flow, 8 angle between direction of movement and stripe orientation. See text for further 
details. 
to the ground has been proposed by Marsh et al. [1978], A major insight obtained with 
this method is that all flight directions not parallel to the wind direction result in a 
sideways drift. The thrust of the wings and probably with it the long axis of the body is no 
longer aligned with the direction of movement. As a consequence, the motion relative to 
the ground may be perceived as visual image flow at oblique angles to the longitudinal 
body axis. How movement is perceived visually not only depends on the effect of wind on 
motion but also depends on the visual surround. Above a field of dots the visual image 
flow is identical in all directions. Above a striped pattern this is not the case [Fig. 4.1]. 
Stripes differ from dots in that the visual flow depends on the direction of movement. 
When the direction of movement is perpendicular to a stripe, the visual image flow is 
equal to the movement rate. Movements parallel to a stripe result in no discernible visual 
flow. For directions in between these two extremes, the relation between visual flow and 
movement can be estimated with the function: 
-Vf=Gr = Gsm[b\ 
where [Vf] stands for visual flow, [Gr] ground speed relative to the pattern orientation, 
[G] overall ground speed and [5] for the angle between overall ground speed and 
orientation of the stripes. 
The aim of this series of experiments is to discover whether the directional 
dependency of the relation between visual flow and movement introduced by using stripes 
as a floor pattern affects the wasp and the moth while they fly upwind in semiochemicals. 
Materials and Methods 
Insects 
All methods pertaining to rearing, maintenance of colonies and preparation of odor 
sources and handling of gypsy moth are described in Chapter 6. Methods used to prepare 
parasitoids and odor sources are described in Appendices A-C. 
Experimental Procedure 
Three floor patterns were used: 25-mm wide stripes placed 25 mm apart, either 
parallel or perpendicular to the wind direction or 30 randomly placed round dots [diameter 
64 mm]. Both dots and stripes had the same color: dark red. Wind velocity was 61 cm 
sec'1 and at least 12 insects were released in each experimental condition [see Table 4.1 for 
the exact numbers]. M croceipes was released in host odor plumes at either 10 cm or 20 
cm above the three floor patterns. The male gypsy moths L. dispar were released in a sex 
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pheromone plume 10 cm above the test section floor. Flight tracks were measured with 
the 2-D mode of Mantid and analyzed using methods described in Appendices D-E. 
Results 
The floor patterns affected the flight behavior of both species of insects. In Fig. 4.2-3 
I mapped the frequency of positions taken by flying insects above each of 80 quadrants of 
the flight tunnel floor. The proportion of time spent above each quadrant is represented 
by the diameter of each circle. The cumulative area of all circles together represents all 
time spent by all insects. Each quadrant was 9 cm long in the upwind direction and 9 cm 
wide in the crosswind direction and there were 8 quadrants across and 10 along the wind 
line. The odor plumes were above the fourth row of quadrants. From each flight track I 
sampled 35 points, equivalent to 3.5 seconds of flight, beginning at a randomly chosen 
moment, above a particular floor pattern. 
First I tested with ANOVA for repeated measures whether the crosswind distribution 
of flight time was affected by the floor patterns within each species and altitude group. 
For wasps flying at 10 cm altitude, the effect of changing the floor pattern on the 
distribution of time spent above the 8 rows of quadrants was significant at p=0.0045. No 
significant effects of floorpattern was found on the distribution of flight time above the 8 
crosswind quadrants for wasps flying 20 cm above the floor and moths flying 10 cm above 
the floor [p=0.2433, p=0.8218], 
A detailed look at differences in the flight behavior itself based on vector-by-vector 
analysis is given in Table 4.1. Table 4.1 summarizes for each experimental condition the 
overall ground speed, airspeed, and turn rates for the ground speed and airspeed vectors. 
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Fig. 4.2. Distribution of flight movements above 80 quadrants with three types of floor patterns by 
Microplitis croceipes. Diameter of circles is proportional to amount of time spent above each quadrant by 
all wasps. Center of long axis of the odor plume is above quadrants of row four. [A] stripes perpendicular 
to the wind; [B] stripes parallel to the wind; [C] randomly-placed dots. 
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Wind 
Fig. 4.3. Distribution of flight movements above 80 quadrants with three types of floor patterns by 
Lymantria dispar. Diameter of circles is proportional to amount of time spent above each quadrant by all 
moths. Center of long axis of the odor plume is above quadrants of row four. [A] stripes perpendicular to 
the wind; [B] stripes parallel to the wind; [C] randomly-placed dots. 
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overall ground speed, airspeed, and turn rates for the ground speed and airspeed vectors. 
Differences among experimental conditions were tested using one way analysis of 
variance. For those effects that were significant, I did a pairwise t-test to calculate the 
differences in flight response and a 95% Cl. In Table 4.2 the differences in responses for 
each species are summarized separately. In Table 4.3 the differences in responses between 
species are summarized. 
With the stripes parallel to the wind line, female wasps flew on average 11 cm sec'1 
faster compared to wasps flying over dots. This was primarily due to a higher rate of 
thrust [7 cm sec'1 faster airspeeds]. When wasps were flying upwind along an odor plume 
at 20 cm altitude, airspeeds were lower for wasps flying above dots and stripes 
Table 4.1. Summaiy statistics of flight by M. croceipes and L. dispar above three floor patterns. Ground 
speed and airspeed are in cm sec'1 ± SD. Turn rates are in deg sec 1 ± SD. 
Species of insect and visual 
pattern. 
Level 
plume 
N Ground 
speed 
Turn rate 
Ground 
speed 
Airspeed Turn rate 
Airspeed 
1] M.c Dots 10 cm 17 24.9 ± 10.3 206.9 + 63.7 84.7 + 7.4 59.1 ±29.9 
2] M.c. Stripes 
perpendicular to the wind. 
- 16 31.8 ± 12.7 183.6 + 53.5 86.3 + 7.3 76.9 ±35.1 
3] M.c Stripes parallel to 
the wind. 
- 16 35.5 + 12.6 190.2 + 54.1 91.9+10.8 66.0 ± 30.0 
4] M.c Dots 20 cm 17 27.0 ± 11.8 207.5 + 49.5 83.6 + 7.0 60.4 ±27.8 
5] M.c. Stripes 
perpendicular to the wind. 
- 15 26.4 ± 9.5 193.9 + 67.0 82.2 + 5.0 63.1 ± 32.2 
6] M.c Stripes parallel to 
the wind. 
- 17 31.4+11.0 189.5 + 58.6 89.3 + 8.1 61.5 ±33.9 
7] L.d. Dots 10 cm 15 31.0 ±9.0 290.7 ± 80.0 90.2 + 6.3 102.6 ± 34.6 
8] L.d. Stripes 
perpendicular to the wind. 
- 12 41.3 ± 12.6 334.0 + 
103.8 
93.0 + 8.2 143.6 ±57.7 
9] L.d. Stripes parallel to 
the wind 
- 15 35.5+11.0 268.4 + 68.9 93.7 + 5.8 114.3 ±43.5 
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perpendicular to the wind line, compared to wasps flying above stripes parallel to the wind 
line. In this case no significant changes in ground speed were observed. Thus stripes 
parallel to the wind evoke higher airspeeds in wasps flying upwind along plumes compared 
to wasps flying above the two other floor patterns. Wasps apparently vary their thrust 
inversely proportional to the amount of visual information regarding the effect of wind 
speed on longitudinal image flow. 
Gypsy moth males flew 10 cm sec'1 faster above floors with stripes perpendicular to 
the wind line and turned their thrust vector at a much higher rate [41 deg sec '*] compared 
to moths flying above a floor with dots. Turn rates for moths flying above floors with 
stripes perpendicular to the wind were 66 deg sec'1 higher compared to moths 
Table 4.2. Differences ± SD in flight response to floor patterns for each species separately. Numbers in 
the first column represent comparisons between experimental conditions explained in Table 4.1. 
Comparison Patterns Ground speed Turn rate ground 
speed 
Airspeed Turn rate Airspeed 
1-3 -10.6 + 8.8 -7.2 ±5.8 
4-6 -5.8 ±5.2 
5-6 -7.2 ± 5.3 
7-8 -10.3 ±8.6 -40.9 ±28.2 
8-9 65.6 + 51.7 
flying above stripes oriented parallel to the wind line. Moths apparently increase their 
turning rates and over all rate of image flow when visual information regarding on the 
effect of wind on transverse image flow is reduced. 
In Table 4.3 I summarized differences in responses by the two species to similar floor 
patterns flying at the same altitude. Above all three types of floors moths turn at a higher 
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rates [differences between species are 84, 150, 78 deg sec'1] and redirect their thrust at 
higher rates [differences between species are 45, 67, 48 deg sec'1] compared to wasps. 
Airspeed was higher for moths flying above floors with dots and stripes perpendicular to 
the wind compared to wasps. Ground speed was also higher for moth flying above floors 
with stripes perpendicular to the wind. The two species differ in their response to stripes 
in that wasps fly faster when visual cues that indicate the effect of wind on longitudinal 
flow is reduced, whereas moths turn at higher rates and fly faster when visual cues that 
indicate the effect of wind on transverse image flow is reduced. 
Table 4.3. Differences + SD between species in flight response to similar floor patterns. Numbers in the 
first column represent comparisons between experimental conditions explained in Table 4.1. 
Comparison 
Species 
Ground speed Turn rate ground 
speed 
Airspeed Turn rate Airspeed 
1-7 - 83.8 + 48.1 -5.5+5.3 -44.5 + 25.9 
2-8 -9.3 ± 8.6 -150.4 + 51.7 -6.7+ 5.7 -66.7 + 27.8 
3-9 -78.2 + 59.6 -48.3 + 32.1 
Discussion 
Flight responses toward wind-dispersed odors are thought to be mediated by two 
behavioral mechanisms [Arbas et al., 1992], Upon contact with the odor plume, wind 
polarizes flight toward the source. While in contact with the plume, moths fly zigzagging 
tracks upwind. The upwind progress depends on the odor concentration in the plume: 
increasing concentrations depress the overall and upwind component of the ground speed. 
If contact with the plume is lost, an internal program of counter turning without upwind 
displacement persists for perhaps as many as several seconds. 
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Experiments with visual surrounds can be designed to alter the ability of the 
responding insect to detect the effect of wind on its movement through space. Because in 
the presented experiments wind direction and speed, plume shape and odor emission at the 
source were constant only, changes in the visual surround could have altered flight. 
M croceipes wasps and L. dispar moths each changed their flight behavior in a 
distinct manner depending on the orientation of the stripes to the wind. 
Wasps increased thrust and flew faster upwind above a floor with stripes parallel to 
the wind compared to the two other floor patterns. Wasps flying above dots and stripes 
perpendicular to the wind flew with similar ground speeds. 
Moths increased turning rates and flew faster ground speeds above stripes 
perpendicular to the wind, compared to the two other floor patterns. 
For both species it seems that the availability of visual cues determined how upwind 
flight in an odor plume was executed. Wasps depend on visual cues to regulate the rate of 
upwind progress. Moths seem to depend on visual cues to center flight across the wind at 
the center of the plume. 
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CHAPTER 5 
OPTOMOTOR RESPONSES DURING UPWIND FLIGHT IN A HOST ODOR 
PLUME BY FEMALE PARASITOIDS, MICROPLITIS CROCEIPES, IN DIFFERENT 
WIND VELOCITIES 
Introduction 
All insect species studied until now control ground speed at a "preferred" level in 
increasing winds while flying upwind a plume of semiochemicals. Furthermore, the level 
at which insects control their ground speed is influenced by the concentration of the 
semiochemicals released at the source [e.g., Carde and Hagaman, 1979], the flight altitude 
[Kuenen and Baker 1982a] and the distance separating the insect from the source [Willis 
etal., 1991], 
In a previous study it was shown that Microplitis croceipes, an endoparasitoid of the 
pest noctuid Helicoverpa zea, controlled its ground speed at a fixed level in a horizontal 
jet plume [Zanen et al., 1989], Jet plumes are generated by injecting odors at high 
velocity through a narrow nozzle so that a turbulent jet develops. In a horizontal jet 
plume, wind velocity and odor concentration increase simultaneously. These jet plumes 
had odor concentrations increasing up to 67-fold while wind speed increased from 50 to 
90 cm sec'1 in the upwind direction. Jet plumes of host odors are not suitable to study 
how either of the two stimuli, wind speed or odor concentration, are used independently 
during ground speed control [Zanen et al., 1989], 
The current experiments are designed to study the effect of wind speed on ground 
speed control inM croceipes. I used a fixed-size odor plume generated by injecting air 
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bearing host odor vertically into the air stream. Therefore, no long lasting velocity 
gradients due to injection were present downwind. Wind speed in the tunnel was uniform 
and changes in wind speed were not accompanied by long-lasting wind speed gradients as 
in the previous experiments using jet plumes. 
The question addressed in the following experiments is how M. croceipes adjusts its 
flight maneuvers in different wind speeds to control its ground speed. Wind speed was 
varied in two ways: the wind speed was kept constant at either one of the three levels [61, 
122, 183 cm sec_1] or the wind speed was increased [61 to 122 cm sec '] or decreased 
[122 to 61 cm sec_1] while the wasp was engaged in upwind flight. The effect of the 
vertical distance between the wasp and the floor pattern on flight speed control in steady 
winds was tested by releasing the wasps in plumes at two altitudes [10 or 20 cm above the 
flight tunnel floor]. The experiments with changing wind during a flight response 
excluded the possibility that the wasp adjusts its air speed to the wind speed prior to take 
off. 
Materials and Methods 
Insects 
All methods pertaining to rearing, maintenance of colonies and preparation of odor 
sources and handling of parasitoids and odor sources are described in Appendices A-C. 
Experimental Procedure 
Wasps were released in three wind speeds [61, 123, 184 cm sec'1], in plumes at two 
altitudes [10 and 20 cm above the floor] and in wind increasing or decreasing [range 
61-123 cm sec'1] continuously while they were negotiating the plume [see Table 5.1]. The 
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changing of the wind speed was monitored with an anemometer whose reading was video 
taped simultaneously with the flight behavior of the wasp. Both video records had a 
common time signal added onto the video signal, so that a match over time between wind 
speed reading and flight behavior could be reconstructed. The wind speed readings were 
later merged with the track data with a separate software program. In addition I checked 
whether increases in wind speed occurred "instantaneously" throughout the test section 
Table 5.1. Overview of number of replications for tested wind conditions and positioning of the odor 
plumes above the flight tunnel floor. 
Experiment # N Wind Speeds [cm sec1] Odor Plumes 
1 15 61 10 cm above floor 
2 15 122 10 cm above floor 
3 15 122 20 cm above floor 
4 15 184 10 cm above floor 
5 15 61 up to 122 20 cm above floor 
6 15 122 down to 61 20 cm above floor 
or progressed slowly. I made a video record of simultaneous readings of two 
anemometers with the sensing probes either at the same position or one at the downwind 
and one at the upwind end of the flight tunnel. It is obvious from Fig. 5.1 that wind 
speeds changed at the same rate throughout the flight tunnel. In all conducted 
experiments the floor had a pattern of 30 randomly placed dots [diameter 64 mm] as used 
in the experiments described in Chapter 4. Flight tracks were measured with the 2-D 
mode of Mantid. The analysis of treatment effects was conducted by using one summary 
value for each of the descriptive parameters for each flight track according to methods 
described in Appendices D-E.. 
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Fig. 5.1. Dependence of rate of change in wind speed on position in flight tunnel. Two anemometers were 
used to monitor changes in wind speed at the same position in the flight tunnel [graph A] and one at the 
upwind and one at the downwind side of the tunnel [graphs B]. The signal of the first anemometer is A, 
the signal of the second anemometer ♦. 
Results 
M croceipes flew similar ground speeds under all tested wind conditions [Table 5.2, 
second column]. Flight altitude increases from 10 to 20 cm above the test section floor 
did not affect the maintained ground speed. Wasps achieved ground speed control by 
increasing airspeed [Table 5.3, third column] and turned their thrust more slowly when 
wind increased [Table 5.3, fourth column]. The slower turning rate of the airspeed 
vector, however, did not result in a similar change in turning rate in ground speed in all 
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instances. Only wasps flying in 183 cm sec'1 wind turned their ground speed vectors faster 
than those flying in winds of 61 and 122 cm sec'1 [Table 5.3, second column]. The overall 
shape of the flight tracks was independent of the wind speed as measured by the tortuisity 
[Table 5.2, sixth column], Tortuisity is the ratio between actually traveled distance and 
the straight-line distance between beginning and end of a track. 
When wind was increased, no significant changes in the bivariate distribution of drift 
vectors, tested with Hotelling's T2-test, were observed. This means that while M. 
croceipes increases its thrust, with increasing winds it does not change its steering relative 
to the wind line. 
Table 5.2. Mean scores of behavioral responses in three wind speeds and during increasing and decreasing 
winds. Averages ± SD for velocities are in cm sec'1 and turning rates in deg sec'1. Each experiment was 
conducted with 15 randomly selected wasps and each flight track contributed 50 data points to the final 
analysis. P-values pertain to the test of no experimental effects, tested with one-way analysis of variance. 
Experiment Ground speed 
[P=0.0875] 
Turn rate 
ground speed. 
[P=0.0203] 
Airspeed 
[P<0.0000] 
Turn rate 
airspeed 
[PO.0000] 
Tortuisity 
[P=0.2719] 
1 27.8+ 8.3 200.8 + 62.1 74.6 ± 5.8 75.7 + 31.8 0.045 + 0.026 
2 22.2 ± 6.5 199.4 + 50.7 135.1+ 5.8 29.2+12.0 0.056 + 0.021 
3 24.1 ± 8.3 208.7 + 51.8 132.9+ 5.0 34.4 + 17.6 0.046 + 0.028 
4 22.5 ± 7.7 244.9 + 50.6 194.7 ± 5.0 23.0+10.2 0.053 + 0.027 
5 29.7+11.8 246.4 + 55.6 94.4 + 12.9 72.5 + 34.8 0.034 + 0.024 
6 22.5+ 7.5 193.9 + 46.8 101.7 ± 16.7 44.4 ± 24.6 0.052 + 0.026 
Flight responses in changing wind speeds differed depending on whether wind 
increased or decreased while the wasp flew upwind. Higher turning rates were performed 
when wind increased, compared to flights in decreasing winds [Table 5.3, second and 
fourth column]. 
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Some wasps did not adjust their thrust continuously and simultaneously maintained a 
fixed ground speed while flying in winds of changing speed. In Figs. 5.2 and 5.3 the lower 
graphs depict the track of a wasp. The upper graphs show the position in the upwind 
direction at the same scale as the graph depicting the track but on the vertical axis the 
wind speed is plotted. These graphs depict the upwind position of the wasp while the 
wind is changing in strength. These figures show that wasps have two responses to 
increasing winds: they continuously adjust thrust and maintain a constant ground speed or 
they do no longer progress upwind. 
Table 5.3. Summary of differences in responses to the tested wind speeds. Differences are given with their 
95% confidence interval in cm sec'1 and turning rates in deg sec'1. Test conducted was repeated pairwise 
t-test. 
Experiments 
compared 
Turn rate ground 
speed 
Airspeed Turn rate 
airspeed 
2-1 ns 60.5 + 7.5 -46.5 + 18.4 
4-1 44.1 +40.8 120.1+7.5 -52.7 + 18.4 
4-2 45.5 + 40.0 59.6 + 7.3 ns 
5-6 52.5 + 39.5 ns 28.1 + 17.8 
Given that conventional types of analysis did not detect these two different responses 
to changes in wind speed, I used the maneuvers obtained with cluster analysis described in 
Chapter 2 to quantify differences in the responses toward increase and decrease in wind 
speeds. In Fig. 5.4 the 14 different maneuvers are shown, each characterized by a 
mutually exclusive combination of longitudinal and transversal visual flow and turning 
rate. I tested how much time was spent during each flight separately on each of the 12 
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Fig. 5.2. Flight tracks of M. croceipes flying in increasing winds. Upper graph is an example of a wasp 
keeping station while wind increases, whereas the lower graphs shows a wasp that continuously increases 
its thrust while maintaining a fixed ground speed. 
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Fig. 5.3. Flight tracks of M. croceipes flying in decreasing winds. Upper graph is an example of a wasp 
keeping station while wind increases, whereas the lower graphs shows a wasp that continuously increases 
its thrust while maintaining a fixed ground speed. 
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Cluster Names 
▼-y Turn rate Ground speed Vector 
V--V Transverse Component 
® • Longitudinal Component 
Longitudinal Component Turn rate Ground speed Vector 
Fig. 5.4. Flight maneuvers by M. croceipes. Top graph is a profile plot of the combinations of transverse 
and longitudinal image flow and the turn rate of the ground speed vectors for each of the 14 detected 
maneuvers. The lower right graph shows the maneuvers grouped by clockwise and counter clockwise turn 
rates and transverse component of image flow. The lower left graph shows for each maneuver the 
longitudinal and transversal component of the image flow. 
maneuvers under the tested wind conditions. Next I used one-way analysis of variance to 
test whether significant treatment effects could be found. Time spent per completed flight 
on two of the 12 maneuvers differed among treatments, Table 5.4. The maneuvers are 
crosswind flights to the left of the wind line when facing the wind [A] and clockwise 
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turning while keeping the course close to the wind line [D], Mean time spent on each of 
the two maneuvers under each of the wind conditions is summarized in Table 5.4. Wasps 
spent more time on flying crosswind and turning in increasing winds compared to all other 
wind conditions [Table 5.5], The question arises why wasps shifted to crosswind flight 
and turning when wind increased during flight. Were the wind speeds too high or 
increases in wind speed too fast and therefore the wasps could not maintain its ground 
speed with increases in thrust? 
Table 5.4. Mean time spent on one of the three behavioral categories that tested significantly different per 
completed flight in seconds ± SD in increasing and decreasing wind velocities. P-values pertain to chance 
there are no experimental effects, tested with one-way analysis of variance. 
Experiment A [P=0.0464] D [P=0.0124] 
1 4.55 ± 2.00 6.69 + 0.87 
2 4.00 ± 2.50 4.57 + 0.84 
3 5.88 + 2.34 5.50 + 0.91 
4 6.90 ±2.09 4.50 + 0.84 
5 13.67 + 2.21 7.53 ±0.81 
6 6.00 +3.31 3.54 ±0.87 
Table 5.5. Summary of differences in mean time spent on one of the three behavioral categories in 
increasing and decreasing wind velocities. Differences given with their 95% confidence interval. Test 
conducted was repeated pairwise t-test. 
Experiments 
compared 
A D 
4-6 ns 3.15 ±2.46 
5-1 6.78 ±6.14 3.03 ±2.33 
5-2 9.67 ±6.73 2.96 ±2.33 
5-3 7.79 ± 6.49 ns 
5-4 9.12 ±6.00 ns 
5-6 ns 4.00 ±2.38 
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The first possibility can be discarded, because in even higher winds of 183 cm sec'1 wasps 
turned less often compared to decreasing winds [Table 5.5], The second explanation that 
the rate at which the wind increased was too fast and as a result ground speed could no 
longer be controlled by increases of thrust also can be discarded. This hypothesis should 
result in a decrease in ground speed when rate of increase in wind reaches higher levels. 
In Fig. 5.5,1 plotted ground speed against wind speed and rate of increase in wind speed. 
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Fig. 5.5. Ground speed as a function of wind speed [lower graph] and rate of increase in wind speed 
[upper graph]. 
If the ability to maintain control of ground speed depended on wind speed or rate of 
increase in wind speed, one would expect that wind speed or rate of change in wind speed 
would correlate with ground speed. However, a regression analysis showed no 
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significant effect of wind speed [P=0.9785] and rate of change in wind speed [P=0.2612] 
on ground speed. Therefore, it seems likely that the shift toward more turning and cross 
wind flight while wind is increasing is not a result of constraints in flight motor output. 
Discussion 
In host odor plumes, the parasitoid M. croceipes during upwind flight maintains its 
ground speed in increasing winds by adjusting its thrust, whereas it does not change its 
steering relative to the wind. 
The gypsy moth, Lymantria dispar, changes both thrust and steering relative to the 
wind in changing wind velocities [Willis and Carde 1990], 
While wasps are flying upwind in an increasing wind velocity two different reactions 
were observed. Wasps either increased thrust sufficiently to maintain a constant ground 
speed, or they no longer progressed upwind. These two different responses suggest that 
wasps can continuously adjust thrust to maintain a fixed rate of visual image flow or they 
may respond in two steps to increases in wind speed. During increasing winds they keep 
station by adjusting thrust enough for minimal visual image flow. Once the wind speed 
no longer increases, they accelerate to regain their "preferred ground speed." 
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CHAPTER 6 
FLIGHT CONTROL BY TAGGED MALE GYPSY MOTHS RESPONDING TO SEX 
PHEROMONE DISPERSED IN THREE WIND SPEEDS 
Introduction 
Sex pheromone plumes have been used to study flight maneuvers by free-flying male 
moths. Gypsy moths, Lymantria dispar, fly upwind in sex pheromone plumes with a 
distinct zigzag pattern. Willis and Carde [1990] observed that gypsy moth males maintain 
a constant movement pattern in varying wind speeds: the shape of the tracks they flew 
remained similar in winds of 30, 100, and 150 cm sec Moths aimed their thrust more 
toward the upwind direction in increasing winds and at the same time the angle between 
the thrust vector and movement vector increased. Willis and Carde [1990] summarized 
this phenomenon as follows: " the longitudinal component of the image flow remained 
constant.... the transverse component of the image flow increased significantly". In other 
words the study suggested: that 1] the moth controlled the direction of image flow at a 
certain set point and 2] that the set point for control of the direction of image flow varied 
with the wind speed. 
One study of flight direction control in free flying insects [Collett, 1980] points out 
how hoverflies control free forward flight in still air. Hoverflies control the direction of 
flight by an optomotor response that maintains a steady image at the frontal area of the 
visual field. Velocity is controlled by a flight motor response to the rate of movement in 
the lateral part of the visual field. 
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Free flying moths until now were recorded as a point moving through space. Such 
records gave us a description of how thrust was aimed relative to the wind, but they are 
an approximation of how the insects perceive their motion relative to the visual surround 
[Baker, 1989], First of all, to get an exact representation of the visual image motion 
insects perceive one has to include head movements [Buelthoff et al., 1980], Furthermore, 
there is the possibility that the thrust vector is not aligned with the longitudinal body axis 
[Wagner, 1985], For example, when gypsy moth rolls along its longitudinal body axis, it 
is pulled partially sideways by its thrust. 
The question addressed in this study is how gypsy moth steer across the wind line in 
increasing wind velocities. Do they control the direction of image flow at a certain set 
point or do they continuously change their image flow as if they try to stabilize it to an 
upwind heading as suggested by Preiss and Kramer [1986]. If the moths seemingly 
control their image flow at a set point while flying across the wind line then the following 
question can be addressed. Do they change the set point of the direction of visual flow to 
one more close to their longitudinal body axis when wind decreases? Alternatively, do 
they maintain a fixed set point of the direction of visual flow relative to their longitudinal 
body axis at all wind speeds and while doing so roll their thrust more in an upwind 
direction in increasing wind speeds. 
To gain insight to what degree moths roll while maintaining a zigzagging upwind 
course we tagged male moths with a stiff lightweight reflective strip attached to the 
thorax. Moths appear when videotaped, as dark opaque silhouettes of varying shapes. By 
using the reflective strip we obtained the orientation of the thorax and so could indirectly 
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deduct roll using methods employed in a study of flight control in free flying houseflies 
[Wagner 1985], 
Materials and Methods 
Insects 
Moths were reared on wheat germ diet [Bell et al., 1981], Larvae and adults were 
kept at long days [16L:8D], 24° C and 60-70% RH. Moths were flown between the 
6-10th hour of the photophase in a flight tunnel to 10 ng synthetic sex pheromone in 61, 
122, and 184 cm sec'1 wind. Moths used in this study were collected by selection of 
moths that landed on a pheromone source over two consecutive days when released 1.8 m 
downwind in wind-dispersed pheromone plumes. Hairs on the thorax were removed with 
a jet of 
Fig. 6.1. L. dispar equipped with a reflective strip [left] or reflective dot [right]. 
pressurized air. The moths were held with special cup shaped forceps that fitted around 
the thorax so damage to the wings was minimized. Three treatments were tested [Fig. 
6.1]: thorax-denuded [no hairs], reflective-dot [no hairs and a small piece [3 mm2] of 
reflective material glued to the thorax] and reflective-strip [a 15 by 1.5 mm reflective strip 
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glued to the thorax]. The reflective foil was a product of the 3M corporation. The 
reflective plastic foil is supple and one side is reflective and the other is sticky. A 15-mm 
long stretch of the sticky side of the foil was taped onto a mylar strip of 12-mm length to 
provide stiffness. At one end of the strip the remaining 3 mm of the plastic foil was used 
to make a flexible link to the thorax of the moth. In addition moths were flown that were 
handled but not altered or equipped with reflective material. We used rubber-based 
contact glue and moths treated were flown the third day in a flight tunnel with an upwind 
source of 10 ng disparlure. 
Odor sources 
Synthetic sex pheromone, [±] - disparlure, [7R,SS] - cis - epoxy - 2 - 
methyloctadecane [Bierl et al. 1970], was gravimetrically formulated in hexane and 
serially diluted to 1.0 ng/pl. A 6.5-mm diameter filter paper disk [Whatman No. 1] was 
used as a dispenser for 10 pi of this solution after exposing is to a slight draft under an 
exhaust hood for one hour. To obtain an odor plume of known dimensions the filter paper 
disk was pinned on a needle and put inside a 19 cm long Pasteur pipette. Air drawn 
through a charcoal filter at a rate of 266 ± 30 ml min'1 was pumped into the vertically 
mounted Pasteur pipette. With titanium chloride "smoke" we established the position of 
the odor plume: 20 cm above the flight tunnel floor with a maximum width of 15 cm. 
Flight tunnel 
An open test section closed loop flight tunnel [see Chapter 2] was used to generate 
wind-dispersed odor plumes. Moths were released in wind of 61, 122 and 184 cm sec'1. 
Wind velocity in the flight tunnel was measured with an anemometer [Yokogawa, type 
2141], 
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The camera pointing down into the test section was equipped with a special 
illumination system to enhance reflection of light from the reflective strip mounted on the 
thoraxes of the moths into the video lens [Fig. 6.2], A fiber optics cable was used to 
guide light from a 30 watt halogen bulb onto a half-silvered mirror positioned at a 45° 
angle to the optical axis of the video lens. The light bundle was centered at the optical 
axis of the lens. As a result, a converging beam of light with the optical axis of the lens at 
its center was thrown onto the scene. The aperture of the lens was chosen so that the 
moths were discernible and the reflection from the reflective-strips appeared as a bright 
white line onto a gray background, Fig. 6.1. 
Fig. 6.2. Sony rotary shutter camera [C], equipped with half-silvered mirror [H] and a fiber optics illumination system 
[L], 
General experimental procedure 
One hour before release in the flight tunnel individual moths were put in 7 cm 
diameter 10 cm high wire screen cages. Moths that were quiescent in their cage were put 
1 m downwind of the odor nozzle. The pump was started to generate an odor plume and 
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the flight behavior was recorded as soon as the moth took flight. Each moth was given 2 
minutes for wing fanning and another minute to take off. Those moths that did not fly 
within these time limits were discarded. All moths were flown once in the experiment and 
put in a freezer to be measured at a later date. The wing length was measured for each 
frozen moth. Wing length and fresh weight correlate closely [Kuenen and Carde, 1993], 
Next we used the average wing length to estimate the average fresh weight for a male 
gypsy moth flown in our experiments using regression coefficients obtained from the 
Kuenen and Carde [1993] data set. Moths weighed on average 132.8 + 15.5 mg [mean + 
SD, N=101] similar to the medium size class [136.8 + 16.6; mean + SD, N=25] described 
by Kuenen and Carde [1993]. In addition the reflective strip or dot was weighed after 
removal. A reflective strip weighed on average 9.8 mg and a reflective dot 1.0 mg, 
respectively 7.3 and 0.8% of the body weight of a frozen moth. 
Untreated, thorax-denuded, reflective-dot and reflective-strip moths were flown in 61 
cm sec'1 wind to test to what degree the reflective-strip treatment affected the flight 
behavior. Reflective-strip moths were also flown in 122 and 184 cm sec'1 wind to 
compare body orientation in an odor plume. 
Measurement of video recordings and track analysis 
Flight tracks were played back frame-by-frame with a motion analyzer [Sony® ] and 
stored into the frame buffer of a frame grabber board. A computer program [Mantid™, 
Chapter 2] was used to measure the position over time of the moth, the approximate 
center of the thorax and if present the end-tip of the reflective strip. A computer program 
that displayed the tracks on a graphics monitor allowed us to inspect the tracks visually for 
measurement errors. The positions of moths in the flight records were filtered with the 
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fourth differencing method [Chapter 2], Velocities were calculated using numerical 
differentiation [Chapter 2], I derived the airspeed by subtracting the wind vector from the 
ground speed vector, as proposed by Marsh et al. [1978], The so-called drift angle was 
obtained by calculating the angle between the ground speed and airspeed vectors. For 
animals with a reflective strip there was a second angle available: the slip angle. This is 
defined as the angle between direction of movement and orientation of the longitudinal 
body axis [Wagner, 1985], In wind the slip angle is only zero when the insect flies parallel 
to the wind direction. When flight is under an angle to the wind, slip is equal to drift as 
long as there is no transverse component of the thrust, most likely through rolling, Fig. 
6.3. In addition I calculated the angle between the longitudinal body axis and the course 
angle, called the roll induced angle. 
Fig. 6.3. Triangle of velocities extended with the body orientation. Slip angle is the angle [|3] between the 
ground speed vector and the body orientation resulting from roll and wind. Roll induced angle [a] is the 
angle between the longitudinal body axis and the airspeed vector. Drift angle [8] is the angle between the 
ground speed vector and the airspeed vector. 
To describe the behavior the following variables were used: ground speed, drift 
angle, slip angle, roll angle, airspeed, turning rates and reversal number. 
The reversal number is the number of times the moth reversed the direction of drift. 
Drift reversals take place each time the moth turns across the direction of the wind. 
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Between drift reversals the moth flies at an angle to the wind. For these headings we 
calculated the slip angle. Turning rates were calculated by taking the change in direction 
of thrust over each time interval. 
To describe the form of the resulting tracks we used tortuisity and number of drift 
reversals over time. Tortuisity was calculated by dividing the distance traversed upwind 
by the total distance flown. The score for tortuisity is one when an insect flies straight 
upwind whereas it becomes smaller the more the insect deviates from the wind line. 
Number of drift reversals over time in the wind tunnel is about four per second under 
various conditions of pheromone concentration, wind velocity, and temperature [Willis 
and Carde, 1990; Charlton et al., 1993], 
Statistics 
For each track we calculated second level summary statistics [Batschelet, 1981], 
Fixed size sampling among all tracks can only be done when samples taken from each 
track are large enough to cover all aspects of the behavior. In this experiment flight tracks 
varied in duration between 5.1 and 38.2 seconds. We performed two types of analysis: 
one that assumed that sample size was large enough to cover all behavioral aspects and 
another that assumed that differences among treatments depended on when a sample was 
taken. 
A fixed size sample of 50 subsequent data points, equivalent to 5 s of flight, was 
taken at a randomly decided moment. We used the program 7D in BMDP, [Dixon, 1990] 
to do a one-way analysis of variance and to test for differences among univariate variables 
like ground speed, airspeed and turning rates. This program also provides Levene's test 
for equality in variance among treatments. Differences with 95% confidence intervals 
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among treatments were obtained with PROC GLM, [SAS Inst., 1988], For bivariate 
variables such as ground speed vectors, the airspeed vector and the drift vector, we used 
the program 3D in BMDP, [Dixon, 1990], Drift vectors were folded to one side of the 
wind line to make the distribution of drift angles unimodal. Tests revealed no significant 
difference in maintained drift angles to either side of the wind line. Hotelling's T2 test was 
used to test for differences among treatments. 
Hotelling's confidence ellipses were plotted summarizing the secondary bivariate 
statistics for ground speed, airspeed and drift vectors for each treatment [see Fig 6.4], 
The mean vector length in each plot is a measure of the consistency in direction taken by 
all moths in a particular experiment. The ellipse depicts the bivariate 95% confidence 
interval for the end point of the mean vector. Variability in the mean vector length can be 
reconstructed by circles with the origin as a center and tangent to the ellipse, the radii of 
the inner and outer circle give the 95% confidence interval for the mean vector length. 
When the ellipse does not include the origin the moths as a group flew consistently in a 
direction. The variability in direction itself can be reconstructed by drawing lines from the 
origin tangent to the confidence ellipse. The shape of the ellipse depends on the 
correlation coefficient between the two variates. Ellipses approaching the shape of a 
circle indicate no significant correlation between the two variates. A more elongated 
ellipse indicates a higher correlation between the two variates. 
The second method assumed that samples were too small to represent behavior in a 
steady state. It may be that during the flight the insect changes its flight behavior in a 
systematic manner; in other words, a randomly taken sample does not represent an 
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unbiased estimate of the whole track. Each track was represented by 10 or less 
one-second-long summary statistics, depending on the duration of the flight. Treatment 
effects and effects due to non-stationarity of the behavior were separated using, ANOVA 
for repeated measures of multiple dependent variables. We used the program 4V in 
BMDP [Dixon, 1990], 
Changes in angles [roll, slip, course, drift] were tested with non-parametric Van der 
Waerden scores provided by PROC NPAR1WAY [SAS inst., 1988]. 
The change in body orientation during a crosswind leg was analyzed with a separate 
set of programs written for SAS [SAS inst., 1988] and 4V in BMDP [Dixon, 1990], For 
each moth we selected at random 5 subsequent legs [Fig. 6.6]. A leg is defined as a piece 
of flight track between two subsequent countertums. Because the angles varied over a 
wide range, we ranked within each leg the body orientation and drift angles. A program 
was written to test the treatment effect, the effect of variability among individual moths, 
the effect of repeated measurement within each moth [5 legs per moth] and differences 
among ranked values for body orientation and drift angle. 
Results 
Analysis of variance for repeated measures based on 10 one-second-long samples for 
each track revealed no significant interaction between differences in flight responses to 
treatments and when samples were taken during a flight. Therefore summary values based 
on a sample size of 50 subsequent data points from each track will represent treatment 
effects if present. 
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Next we tested whether the reflective-strips adversely influenced the flight behavior. 
Table 6.1 summarizes the vector-by-vector averages for scalars describing the flight 
behavior. Table 6.2 combines three measures describing counter turning. Tables 6.3 and 
6.4 summarize the significant differences in scalars and vectors among the treatments. 
Table 6.1. Vector-by-vector representation of flight behavior by L. dispar. Average score ± SD, N=15 for 
variables describing flight behavior during upwind flight. Speeds are in cm sec'1. Turning rates are in 
deg sec'1. 
Treatment Ground 
speed 
Turn Rate 
Ground speed 
Airspeed Turn Rate 
Airspeed 
Control and 61 cm sec 1 wind C61 21.1+ 8.4 387.2 ±65.4 80.9 + 4.5 91.5 ±43.6 
Thorax-denuded and 61 cm sec '1 wind Td61 20.2+ 7.5 332.0 + 63.1 81.9 + 5.4 78.6 ± 36.8 
Reflective-dot and 61 cm sec'1 wind Rd61 18.5+ 7.9 319.2 + 74.9 79.1 + 8.1 71.0 ±41.5 
Reflective-strip and 61 cm sec '1 wind Rs61 30.1+ 9.8 394.4 + 59.2 73.8 + 4.9 146.9 ±48.7 
Reflective-strip and 122 cm sec '1 wind Rsl22 22.9+ 6.8 328.2 + 79.3 133.3 + 3.9 51.3 ± 17.1 
Reflective-strip and 184 cm sec '1 wind Rsl84 25.3 + 10.7 388.9 + 70.0 191.4 + 4.9 44.1 ± 19.6 
Frequency of drift reversals over upwind distance did not change for all tested 
treatments. Drift reversals over time and overall distance changed when we compared 
Table 6.2. Counter-turning by L. dispar in tested treatments. Average score ± SD, N=15 for variables 
describing flight behavior during upwind flight. DrovT. stands for drift reversals over time in sec'1. 
DrovD stands for drift reversals over total distance in cm'1. DrovU. stands for drift reversals over upwind 
distance in cm'1. 
Treatment DrovT. DrovD. DrovU. 
Control and 61 cm sec '1 wind C61 0.42 ±0.10 0.023 ± 0.009 0.94 ± 0.68 
Thorax-denuded and 61 cm sec '1 wind Td61 0.36 ±0.08 0.020 ± 0.009 0.44 ±0.16 
Reflective-dot and 61 cm sec '1 wind Rd61 0.55 ±0.38 0.039 ±0.036 0.95 ±0.79 
Reflective-strip and 61 cm sec '1 wind Rs61 0.35 ±0.09 0.013 ±0.006 0.64 ± 0.59 
Reflective-strip and 122 cm sec '1 wind Rsl22 0.33 ±0.16 0.016 ±0.010 0.46 ± 0.49 
Reflective-strip and 184 cm sec '1 wind Rsl84 0.40 ±0.18 0.023 ± 0.024 0.99 ±0.91 
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control moths with moths with a reflective-strip. Reflective-strip equipped moths reversed 
direction of drift more often than control, thorax-denuded and reflective-dot moths. 
However, moths flying in 122 cm sec 1 and 184 cm sec'1 winds reversed the direction of 
drift with the same frequency as control moths. The tendency of reflective-strip equipped 
moths flying in wind of 61 cm sec'1 to reverse the direction of drift more frequently than 
moths without strips was reflected in the higher turning rates of the airspeed vector. 
Moths carrying a reflective-strip in 61 cm sec'1 wind also flew at significantly higher 
ground speeds compared to moths with other treatments. However, ground speeds for 
moths flying in winds of 122 and 184 cm sec'1 were not different. 
Table 6.3. Significant differences among average scalars describing L. dispar flying upwind a 
sex-pheromone plume. Numbers in first column are explained in Table 6.1. Differences among 
treatments in average + 42 % Cl. P-values are obtained with one-way ANOVA for scalars and Hotelling's 
T2 for vectors. Levene's tests for all comparisons were not significant indicating that variates for pairwise 
comparison had similar variances. Differences marked with an asterisk pass the Scheffe-test for 
simultaneous pairwise comparisons. 
Comparison 
between 
treatments. 
Ground speed 
[cm sec'1] 
Airspeed 
[cm sec'1] 
Turn Rate 
Airspeed 
[deg sec'1] 
Drift reversals 
over time 
[sec1] 
Drift reversals 
over distance 
[cm1] 
P=0.0068 P=0.0001 P=0.0001 P=0.0001 P=0.0005 
Rs61-C61 10.9 + 6.5 -7.9 + 4.6 71.4 + 29.0* 0.09 + 0.05 0.024 + 0.018 
Rs61-Td61 8.6+ 6.4 -8.3 + 4.6* 64.8 + 28.5* 0.07 + 0.05 0.034 + 0.017 
Rs61-Rd61 12.6 + 6.5* ns 83.0 + 29.0* 0.11+0.05 0.039 + 0.017 
Rs61-Rsl22 8.5+ 6.7 -59.5 + 4.7* 103.4 + 29.7* 0.14 ±0.05 0.032 + 0.018 
Rsl84-Rs61 -7.2+ 6.5 118 + 4.7* -113.4 + 29.0* -0.17 + 0.05 -0.172 + 0.048 
Rsl84-Rsl22 ns 58.5 + 4.6* ns ns ns 
Mean ground speed vectors [Table 6.4] were significantly different for moths 
carrying a reflective-strip in wind of 61 cm sec'1 compared to reflective-strip moths in 
wind of 122 cm sec'1 [P=0.0282: Hotelling's T2]. Average airspeed vectors were 
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significantly different for moths with a reflective-strip in wind of 61 cm sec'1 compared to 
control and thorax-denuded moths [P<0.0001 both comparisons: Hotelling's T2]. In 
addition the mean airspeed vectors for reflective-strip moths were significantly influenced 
Table 6.4. Significant differences among mean vectors describing L. dispar flying upwind a 
sex-pheromone plume. Numbers in first column are explained in Table 6.1. P-values for differences 
among treatments are obtained with Hotelling's T2. Levene's tests for all comparisons were not 
significant indicating that variates for pairwise comparison had similar variances. 
Comparison between 
treatments. 
Ground speed vector 
P-value Hotelling's T2 
Airspeed vector P-value 
Hotelling's T2 
Drift vector P-value 
Hotelling's T2 
Rs61-C61 ns <0.0001 0.09 
Rs61-Td61 ns <0.0001 0.02 
Rs61-Rd61 ns ns 0.03 
Rs61-Rsl22 0.03 <0.0001 ns 
Rsl84-Rs61 ns <0.0001 <0.0001 
Rsl84-Rsl22 ns <0.0001 0.06 
by the wind speed. Drift vectors were aimed differently when wind increased from 61 to 
184 cm sec'1 [P<0.0001: Hotelling's-T2] and from 122 to 184 cm sec'1 [P=0.06: 
Hotelling's-T2]. 
Confidence ellipse plots were made for the control moth flying in wind of 61 cm sec'1 
and the reflective-strip moths flying in 184 cm sec'1 wind [Figs. 6.4 and 6.5], Sample 
centers of all bivariate plots of airspeed, ground speed and drift vectors in all treatments 
differed significantly from the origin because all confidence ellipses did not enclose the 
origin. In other words all moths controlled the direction of the airspeed and drift vectors 
significantly different from a random distribution [Batschelet, 1981], 
Moths vary the magnitude and too a lesser degree the direction of the thrust, 
indicated by the flat shape of the ellipses. 
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In conclusion, attaching a reflective-strip to the thorax of a moth clearly influenced its 
flight behavior. However, moths carrying a load equal to 7% of their body weight were 
equally capable of negotiating the two higher wind speeds. Moths carrying a strip 
maintained similar ground speed and turning rates in winds of 122 cm sec'1 and 184 cm 
sec'1 compared to control moths flying in wind of 61 cm sec'1. Moreover, the bivariate 
description shows that attaching a strip to the moth influenced steering relative to the 
wind. Only the two higher wind speeds evoked flights that confirm previous findings by 
Willis and Carde [1990], At these speeds moth carrying a reflective-strip adjusted 
airspeed and drift while track angles and ground speeds did not change. 
Moths equipped with a reflective-strip reverse the direction of drift on average 2.5 
times every second. Flight was sampled with a 0.1-sec fixed-time interval. I assumed that 
a minimum duration of 0.4 sec [=4 frames] for a crosswind leg was sufficient to be able to 
test changes in body orientation and drift angles between drift reversals. In Table 6.4 the 
total number of legs executed by reflective-strip moths in the three tested wind speeds are 
summarized. I found that at least 55 % of the legs lasted longer than 4 frames [0.4 sec]. 
Table 6.5. Summary of crosswind legs for the reflective-strip equipped L. dispar moths in three wind 
speeds. 
Wind speed Number of legs Mean + SD duration 
of a leg in 0.1 sec 
Percentage legs 
lasting longer then 4 
frames [0.4 sec] 
61 cm sec'1 273 3.80 ± 1.40 61 
122 cm sec*1 225 4.03 + 1.93 56 
184 cm sec'1 334 4.24 ± 2.55 56 
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Fig. 6.4. A Hotelling's confidence ellipse for ground speed [A], airspeed [B], and folded drift [C] vectors 
of L. dispar moths flying in winds of 61 cm sec'1. The ellipse encloses a 95 % bivariate confidence 
interval for the sample center. Tests revealed no significant difference in maintained drift angles to either 
side of the wind line. Hotelling's T2 test was used to test for differences among treatments. 
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Fig. 6.5. A Hotelling's confidence ellipse for ground speed [A], airspeed [B], and folded drift [C] vectors 
of L. dispar moths flying in winds of 184 cm sec'1. Moths are carrying a reflective strip on their thoraxes. 
The ellipse encloses a 95 % bivariate confidence interval for the sample center. Tests revealed no 
significant difference in maintained drift angles to either side of the wind line. Hotelling's T2 test was 
used to test for differences among treatments. 
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Did the moths roll, in other words did the course angle differ significantly from the 
thorax-orientation? Under the conditions of this experiment, the thorax orientation 
significantly differed from the course angles when we measured the angular distance 
[Batschelet, 1981] between the course angle and the body orientation for each position of 
the insect, to obtain the roll induced angle [Table 6.6], The average slip angles were 
Table 6.6. The slip and roll angles for L. dispar during flight in three wind speeds. Definitions of slip 
and roll angles are described in methods and shown in Fig. 6.3. Averages + SEM are given in degrees. 
Letters refer to outcome simultaneous comparisons with Scheffe's test. 
Wind speed N Mean + SEM slip 
angle [f3] in deg 
Mean + SEM roll induced 
angle [a] in deg 
61 cm sec'1 10 54.8+ 3.3a 14.1 ±0.6a 
122 cm sec'1 11 52.2+ 3.2a 9.8 ±0.6b 
184 cm sec'1 12 63.0+ 3.0a 9.2 + 0.6b 
obtained measuring the angular distance between the body orientation angle and the track 
angle. In increasing winds the slip angle showed no significant change [p=0.0880], 
however, the roll angles changed significantly in increasing winds [p=0.0003]. 
In conclusion, the null hypothesis that the moths do not vary their thorax-orientation 
relative to the direction of movement in different wind speeds while carrying a 
reflective-strip cannot be rejected at p=0.05. A similar test on the roll angles revealed that 
moths under these experimental conditions respond to increasing wind speeds by changing 
the degree the roll away from the wind line. At a wind speed of 61 cm sec 1 the roll 
induced angle was larger compared to the two higher wind speeds. 
Next I tested how the roll drift and body orientation angles changed during a 
crosswind leg. The three aforementioned angles varied widely among individual moths 
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and within each track among legs. Instead of comparing the absolute values of angles 
during a crosswind flight I decided to compare the relative size of angles within each leg. 
Therefore a computer program was written that ranked the body angles and drift angles 
for 4 data points following a drift reversal for each leg separately as depicted in Fig. 6.6. 
Each moth contributed 5 legs each of which was measured by 4 ranked thorax-orientation 
Fig. 6.6. Sampling scheme for drift angles and body orientation during upwind zigzagging flight by L. 
dispar moths. For each moth five subsequent legs are taken beginning at randomly chosen leg number. 
From each leg 4 subsequent thorax orientation and drift angles are taken and ranked beginning after the 
drift reversal. Pr] stands for drift reversal. 
and drift angles following a drift reversal. 
Table 6.7 summarizes the pairwise differences among roll induced angles and slip 
angles for the four sampled instances following a drift reversal. All slip angle comparisons 
are not significantly different, meaning that the moths do not change the longitudinal body 
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orientation relative to the direction of motion. However, the roll induced angles change 
during the first and last sample point but not during the two measurements half way two 
This means that moths adjust roll during the first and last part of a crosswind leg but not at 
the halfway point. The course angles changed continuously during a cross wind leg as 
shown in the last two columns of Table 6.7. 
Table 6.7. A pairwise comparison on rankings of 4 subsequent samples following a drift reversal. 
Comparison 
within a leg at 
times t=l,2,3,4 
P-value equal 
ranking roll 
induced angle 
P-value equal 
ranking slip 
angle. 
P-value equal 
ranking course 
angle to the left 
P-value equal 
ranking course 
angle to the right 
tl versus t2 0.0002 0.1915 0.0001 0.0001 
tl versus t3 0.0011 . 0.0650 0.0001 0.0001 
tl versus t4 0.5124 0.0604 0.0001 0.0019 
t2 versus t3 0.9988 0.3381 0.0001 0.0045 
t2 versus t4 0.0021 0.2873 0.0001 0.0067 
t3 versus t4 0.0015 0.7345 0.0001 0.0001 
Discussion 
In this study we attempted to find out how gypsy moths control their direction of 
flight while flying along a sex-pheromone plume in winds of increasing velocities. The 
direction of drift had a set point that changed with increasing wind speeds as noted before 
by Willis and Carde [1990]. Both the airspeed [thrust] vectors, the ground speed vectors, 
and the drift vectors were not aimed randomly because the confidence ellipses of the mean 
vector end points did not include the origin [Batschelet, 1981], Strip-equipped moths 
controlled drift by steering courses similar as described by Willis and Carde [1990] for the 
two higher wind speeds. 
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The orientation of the longitudinal body axis did not change with increasing winds. 
To fly the observed flight paths and maintain the same body orientation, moths appear to 
fly crosswind by rolling away from the wind line to a lesser degree in increasing winds . 
Currently there are two "competing" views about how gypsy moths steer in wind: the 
random aiming of thrust upwind hypothesis [Preiss and Kramer, 1986] and the visually 
guided self-steered counter-turning hypothesis [e.g., Willis and Carde, 1990], Preiss and 
Kramer [1986] emphasized flight motor output to interpret steering in wind by moths. 
They observed that moths aimed their thrust randomly "upwind" with a unimodal 
distribution. Willis and Carde [1990] summarized hypotheses that steering is presumably 
dominated by visually-perceived wind-induced drift. Gypsy moths appear to aim their 
thrust as if they have trouble finding the direction of the wind. However, if one looks at 
how the direction of image flow is centered around two directions to either side of the 
wind line one would think that moths are in control of their flight direction all the time. 
There are several reasons why experiments with tethered gypsy moths have to be 
treated with some caution. Let us assume that moths monitor their maneuvers with 
airspeed sensors and adjust thrust accordingly. A maneuver that 'looks or feels' the same 
when sensed with airspeed sensors will expose an insect to vastly different inertial forces 
depending on whether the maneuver is executed in still air or in wind. Because the 
tethered moths were not actually moving in the flight simulator they may have perceived a 
discrepancy between visual and inertial input, a possibility not considered by Preiss and 
Kramer [1986]. 
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Moreover, the flight simulator may provide a realistic simulation of wind similar to 
that available to free-flying moths from the ventral side but no such pattern was provided 
from the dorsal side. Olberg and Willis [1990] demonstrated that both the dorsal and 
ventral regions of the retina are innervated with neurons that show directional sensitive 
responses to movement that were amplified when pheromone was simultaneously present. 
Free flying gypsy moths, unlike tethered moths in the "flight-simulator" of Preiss and 
Kramer [1986], are free to roll, a maneuver current experiments reveal as part of normal 
flight control in wind [see discussion in Baker, 1989]. However, the attachment of 
reflective-strips influenced flight behavior and conclusions based on our experiments 
should also be treated with some caution. The weight of the strips may have shifted the 
center of gravity to more posterior compared to control moths. Srygley and Dudley 
[1993] studied the effect of the position of the center of gravity on the maneuverability of 
several moth species. Moths with a center of gravity posterior to the wing base were less 
maneuverable than moths with the center of gravity and wing base close together. Gypsy 
moths with strip may have been less maneuverable than control moths. The strips were 
mounted flexibly to allow for high frequency pitching of the thorax and were on average 
parallel to the longitudinal body axis. During turns that crossed the wind line and resulting 
in a reversal of the direction drift, the moths apparently made large pitching maneuvers 
because the strips often appeared shorter or were no longer visible. However, in between 
countertums the strips were clearly visible and the orientation of the longitudinal body axis 
could be measured. 
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From the differences between the orientation of the thorax and the airspeed vector we 
conclude that the moths rolled while flying crosswind and carrying a reflective strip. In 
increasing winds we observed a change in the roll angle. The body orientation relative to 
the track angle represented by the slip angle did not change with increasing winds. Moths 
roll their thrust vector increasingly to either side of the wind line in decreasing winds and 
so maintain a relatively fixed thorax orientation relative to their flight paths. Moths may 
maintain headings while flying at an angle to the wind line by minimizing motion at 
oblique regions of their visual field similar as hypothesized by Collett [1980] for the 
frontal region of the visual field of syrphid flies. Olberg and Willis [1990] monitored 5 
descending intemeurons in the gypsy moth whose directionally selective responses to wide 
field pattern movement were amplified when pheromone was present. They also noted 
that activity of these neurons correlated more closely with position than with velocity of 
the moving pattern. Perhaps these neurons are part of a control system that fixates motion 
at oblique regions of the retina by rolling maneuvers of the thorax during upwind 
pheromone-mediated, zigzagging flight. 
Flight control systems are studied by comparing how changes in the information 
available correlate with changes in the flight motor activity. Reconstruction of the image 
flow with the triangle of velocities method may come close to mapping how movement is 
perceived by the moth. How the moth steers its thrust tells us to what extent the visual 
information can be used. Preiss and Kramer [1986] concluded that upwind flight by the 
gypsy moth can be summarized by a delayed optomotor response to wind-induced drift. 
The delay in the response to the transverse component of the drift resulted in a zigzagging 
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flight. The current study suggests that moths maintain their body orientation at similar 
angles to their flight paths in increasing winds. They control the direction of zigzagging 
flights by minimizing visual image flow at angles oblique to the longitudinal body axis by 
rolling the thrust vector to either side of the wind line. 
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CHAPTER 7 
SEARCH STRATEGIES EMPLOYED BY FOOD-DEPRIVED FRUIT FLIES IN 
ABSENCE OF FOOD ODORS WHILE FLYING IN STILL AIR, STEADY WIND 
AND WIND WITH CONTINUALLY SHIFTING DIRECTIONS 
Introduction 
The use of odors by insects in the location of food, mates and oviposition sites has 
been subject of many studies. Bell [1985] elaborated on the definitions proposed by Smith 
[1974] to distinguish two phases in odor-mediated searching. 
A search tactic is "an adaptive change in scanning or locomotion once a searcher has 
arrived in a specific area where resources are available." Pheromone-mediated upwind 
orientation by male moths searching for calling females is an example of a search tactic 
[Baker, 1986]. 
A search strategy is "a set of basic rules of scanning and locomotion that results in the 
encountering of a specific distribution of resources " [Smith, 1974], The problem with 
studying search strategies is that not all behavior observed in absence of resources need to 
be associated with searching for such resources. Moreover, behavior following the loss 
of contact with an odor plume and behavior before any contact with odor must be 
considered separately. In the first case a strategy to relocate the odor plume can be 
described. However, in the present study when no odor is involved, it remains uncertain 
whether observed behavioral responses are indeed involved in the location of odor 
plumes. 
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Recently Sabelis and Schippers [1984 ] and Dusenbery [1989, 1990] proposed 
mathematical models of search strategies that describe how certain behavioral responses to 
shifting wind directions offer "optimal" solutions for finding odor plumes. In wind with a 
steady direction, an insect searching for an odor plume should aim its thrust across the 
wind. In winds shifting over more than 60° across the average wind direction, insects 
should fly upwind parallel to the average wind direction. This study evaluates responses 
of tow Drosophila species to variability in the direction of wind from the perspective of 
the rules set by those models. 
For the study of search strategies, it is desirable to use an insect that not only 
responds to semiochemicals but also voluntarily executes oriented responses to stimuli 
different from those responded to with olfaction. Usually in wind tunnels moths perform 
oriented flights only when a pheromone plume is present [Carde, 1986]. We studied flight 
responses of food-deprived individuals of two Drosophila species to shifting winds. 
David [1982] studied maintenance of ground speed in wind by Drosophila stimulated 
by banana odor in different visual surroundings. Drosophila flies straight upwind in odor 
plumes [David, 1982], The odor plume in those experiments kept the responding flies at a 
set height above the flight tunnel floor and allowing the visual input to be manipulated. 
Drosophila regulate their ground speed by reacting to changes in the angular velocity of 
image movement with changes in airspeed. David [1982] proposed that Drosophila uses 
parallax cues to compensate for sudden changes in angular velocity associated with 
sudden changes in distance between its location and the visual surroundings. 
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The following questions will be addressed in this study: 1] Does Drosophila adjust its 
flight behavior under different wind conditions?; 2] Are these adjustments in agreement 
with the requirements of the Sabelis and Dusenbery models? 
Materials and Methods 
Insects 
Two species of Drosophila, D.funebris and D. immigrans were used for these 
experiments. Flies from wild populations were collected in Leiden, The Netherlands. 
Flies were reared according to the methods described by Driessen et al. [1991], 
Drosophila larvae were reared on medium containing brown sugar, dry yeast 
[Sacharomyces cerevisiae], cereal, homogenized stinkhorn and agar. Adults were kept in 
cages at a temperature of 20° C and a long daylength of 16L:8D. They were 
food-deprived before release for 24 hr. Flies that have access to food rarely fly in wind 
without food odors. Only female flies of unspecified age and reproductive stage were 
used. 
Flight tunnel 
In the flight tunnel depicted in Fig. 7.1, we could present to the released flies winds 
with shifting direction. The direction of the wind in the whole test area was monitored 
with wind vanes on 2.5 cm vertical sticks placed on the floor on a grid of 2.5 cm width. 
Fig. 7.1. 
Wind shifts were uniform throughout the whole test section of the tunnel: all the wind 
vanes were on average parallel during a shift, except for high frequency flutter caused by 
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turbulence. Wind speed was kept at 26 cm sec'1 and varied slightly with altitude in the 
tunnel but not as a consequence of shifting the wind direction. Illumination was provided 
with fluorescent light tubes [1W m- between 420 and 680 nm]. Between the test section 
and the light tubes a fine mesh white cloth screen diffused the light. Two orientations of 
the light tubes were tested in steady wind: parallel and perpendicular to the wind direction. 
of 26 cm sec-1 
Lever to move vertical wind 
deflector flap from A to B 
to cause a wind shift 
2.5 cm 
Wind vanes placed on test section floor 
on a grid with 2.5 cm spacing. 
Fig. 7.1. Top view of a wind tunnel to generate shifting winds. Wind enters the inlet and is deflected by 
the flap to enter the test section from the right side or from the upper side depending on the position of the 
flap. Wind leaves the test section at the left or lower side of the top-view of the tunnel. Wind direction is 
continuously monitored by the wind vanes. Wind vanes are made with insect pins supported vertically in 
paper cylinders glued vertically to the test section floor. 
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Video 
A video camera aimed down into the test section of the flight tunnel was used to 
record flight behavior of individual flies. Video tapes of flight tracks were viewed on a 
video monitor and transcribed onto transparencies. On the transparency the positions over 
time of the fly and the orientation of the nearest wind vane were drawn with a felt pen. A 
digitizer tablet was used to measure these transcriptions and store coordinates of the 
positions of the fly on floppy disk [Charlton et al., 1993], In addition we measured the 
position of the tip of the wind vane. Consequently for each position of the fly also the 
local wind direction was available. An estimate was made how the measurement of wind 
direction with the vane orientation was affected by the length of the vane on the 
transcription. A vane length of 6 mm on the transcription resulted in a standard deviation 
of 5.2° over 25 samples as compared to a standard deviation of 1.9° with vanes of 3 cm. 
We used enlarged photo copies of the original drawings to minimize the effect of 
transcription errors. 
Flight-track and Statistical Analysis 
The analysis of the flight behavior of the flies was based on methods first formulated 
by Marsh et al. [1978], Simple geometry was used to derive the direction and magnitude 
of the airspeed vector from the ground speed vector of the fly and the wind as explained in 
the introduction. Because we knew local wind direction and strength [which did not vary 
with direction], we could reconstruct whether the fly was responding to shifting winds by 
redirecting its thrust. 
Direction of movement was analyzed with circular statistics. Because the summary 
statistic for a direction is highly dependent on the sample size, a standard sample size was 
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used for each track [Batschelet, 1981]. A problem with a standard sample size for each 
track is when to take the sample. We found that a sample size of 2.5 seconds from 11 
tracks of each of the eight performed experiments provided the largest number of sample 
points for each experimental condition. However, some flies flew much longer than 2.5 
seconds and the question arises whether this 2.5 second subsample represents an unbiased 
sample of the complete flight. It may be that 2.5 seconds is not long enough to cover all 
aspects of a typical flight response to the presented stimuli. When sample size is sufficient 
in size all aspects of the behavior are covered and it no longer matters when the sample is 
taken because the parameters do no longer change with the moment the sample is taken, 
the behavior appears stationary. 
Some effort was undertaken to test whether the sample chosen provided estimates 
that covered all aspects of the behavior. First we compared the direction of the ground 
speed vector of the first and last second in flight with the Watson U2 test [Batschelet, 
1981] separately for each fly. Next we questioned whether differences could be 
attributed to the gap in time between the first and last second that varied from fly to fly. 
We calculated the correlation coefficient between gap length and the Watson U2 score. 
When flight behavior is non-stationary and therefore changes over time, differences 
among treatments still can be present and tested with a standardized sample size. Each 
complete flight track was divided into subsamples of fixed-size and for each subsample 
summary statistics were calculated. For example, a 4-second-long flight track was 
represented by 8 summary statistics, each representing a half-a-second-long subsample. 
Next we tested for treatment effects by comparing all first half-a-second-long subsample 
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summary values and next the second subsample and so forth. Tests for effect of sampling 
moment on the outcome of differences among treatments were performed using ANOVA 
for repeated measures with the program BMDP4V [Dixon, 1990], 
Secondary statistics for univariate variables such as ground speed airspeed and 
turning rates were tested using one-way ANOVA as provided by BMDP7D [Dixon, 
1990], This program includes the Levene's test for homoscedasticity. Confidence 
intervals for significant differences among treatments were obtained with the program 
PROC GLM [SAS Inst., 1988], I used a repeated t-test and Scheffe's test for 
simultaneous comparisons for unbalanced designs. Differences among bivariate variables 
such a ground speed vectors were tested using Hotelling's T2 test as provided by 
BMDP3D [Dixon, 1990] 
Flight behavior in an experiment pooled for all flies each represented with a 
standardized sample size where graphed using the bivariate standard ellipse method 
described in Batschelet [1981], This method combines correlation in X and Y, variation 
of direction and magnitude and was used for the ground speed airspeed and drift vectors 
[Figs 2-9], Drift vectors were folded to one side of the wind line to make the distribution 
of drift angles unimodal. Tests revealed no significant difference in maintained drift angles 
to either side of the wind line. Differences among treatments were assumed important 
when P values were less than 0.05. 
Experimental Procedure 
Food-deprived flies were put in the flight chamber. When all flies alighted on the 
flight tunnel floor the video recorder was started and the different wind treatments were 
applied. Flight tracks of those flies that took flight and could be followed individually 
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were measured in still air, wind blowing from one direction and continuously shifting 
wind over 90°. D. immigrans was tested under two additional experimental conditions. 
In winds shifting continuously over 45° we observed whether the degree in which flight 
behavior is adjusted depends on the angles over which the wind is shifted. With the 
fluorescent light tubes positioned perpendicular to steady wind we checked whether the 
direction of movement was affected by the orientation of the light tube. For each 
experimental condition we measured 13 tracks of/), immigrans and 20 tracks of for D. 
funebris. 
Results 
We used the direction of flight and the direction of drift to characterize flight 
behavior. The direction of drift results from how a fly aims its thrust relative to the wind. 
The outcome of this behavior, the direction of flight, allows us to test the hypotheses 
stated by Sabelis and Schippers [1984] and Dusenbery [1989, 1990], 
Flight behavior for food-deprived fruit flies varied under the wind conditions tested. 
We used Rayleigh's test [Batschelet, 1981] to determine whether directions in which 
individuals flew differed from a random distribution. About one quarter of all individuals 
of both species flew in directions not different from a random distribution in still air [D. 
immigrans, [23%, n=13]; D. funebris 25% [n=20]]. In wind of 26 cm sec'1 flight 
behavior of D. immigrans was somewhat affected by the orientation of the light tubes 
relative to the wind. With the fluorescent light tubes perpendicular to the wind direction 
15% [n=13] flew in directions not different from random, but all individuals flew in a 
consistent direction with the light tubes parallel to the wind. D. funebris was released in 
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wind with the light tubes parallel to the wind direction and all flies flew in directions 
different from a random distribution. 
To be able to represent a given flight track by a randomly drawn subsample it is 
important that the parameter to characterize the behavior is "stationary", in other words 
that it does not change during the flight. We performed a comparison of the direction of 
movement for each flight track during the first and last second in flight. For all 
experiments more flies flew in a different direction when sampled the last second. 
However, there were no significant differences in numbers of flies behaving that way 
among the experiments. 
Two causes may have contributed to a likelihood of a change in flight behavior. 
First, the total duration of flight records varied between 2 and 15.2 sec and one might 
expect an effect of the separation in time on the difference between behavior during the 
first and last second. Second, in the shifting wind experiments it might be that the change 
in wind direction alone caused the change in the directions in which the flies were moving 
because they did not change their steering and just were carried by the wind. 
In two experiments the time gap between first and last second in flight was important 
for the observed difference in directions. For D. immigrans the change in direction of 
movement correlated slightly with time gap when they were flying in still air [Rho=.0046, 
P=0.0216]. In 45° shifting wind, D. immigrans was more likely to change direction of 
flight in the last second as compared to the first second the longer the flight lasted 
[Rho=.0129, P=0.0216]. The degree to which the wind changed in direction between 
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first and last second had apparently no effect on the change in direction of flight since no 
correlations were significant. 
Because in most cases flight behavior was not stationary we tested for treatment 
effects using multiple fixed-size sampling for each track. We tested 4 seconds of each 
flight in increments of half, one, and two second intervals. In all three cases treatment 
effects were significant [intervals of half-a-second: P=0.029, one-second: P=0.0359, 
two-seconds: P=0.036], whereas moment of sampling had no significant effect on 
differences. So although the flight behavior was not stationary and fixed sampling 
provides a biased sample of the whole track, there was not significant sample moment by 
treatment effect interaction. In other words, differences among treatments were robust 
once we accounted for non-stationarity. 
Table 7.1 combines the summary statistics for all 8 treatments. The three right 
columns give average ground speed, airspeed and tumrate of the airspeed vectors. In 
Table 7.2 the significant differences among pairwise comparisons of treatments are given. 
Each difference is given with its 95 % confidence interval. 
Table 7.1. Summary statistics based on fixed samples of 25 points from each track and 11 tracks per 
treatment. G is average ground speed; A is average airspeed ± SD in cm sec'1. T is average turn rate of 
airspeed vector; W is average turn rate of wind direction ± SD in deg sec-1. 
Experiment G: P=0.0046 A: PO.OOOO T: PO.OOOO W 
1. D. funebris in still air 22.11+6.5 22.11 ±6.5 146.06 ±5.9 - 
2. D. funebris in steady wind 27.61+6.41 36.48 + 6.18 97.01 ±38.5 - 
3. D. funebris 90° wind shifts 25.51+5.92 43.21+6.8 121.08 ±34.3 12.5 ± 14.0 
4. D. immigrans in still air 22.59 + 6.44 22.59 + 6.44 126.31 ±45.1 - 
5. D. immigrans in steady wind 26.7 + 5.26 38.02 + 9.43 81.34 ±34.4 - 
6. D. immigrans illumination test 30.1+3.67 40.69 + 6.25 80.91 ±34.6 - 
7. D. immigrans 45°. wind shifts 27.83 + 6.44 40.93 + 6.67 84.79 ±46.3 5.9 ±7.3 
8. D. immigrans 90° wind shifts 24.24 + 4.43 40.31 ±5.4 116.9 ±41.7 12.5 ± 12.5 
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First we will summarize treatment effects that were similar for both species. 
Numbers separated by a dash refer to comparisons in Table 7.2. In still air, steady winds 
and winds shifting over 90° both species flew similar ground speeds [1-4, 2-5, 3-8], 
Airspeed went up in wind as compared to still air [1-2; 1-3 and 4-5; 4-7; 4-8], Turn rates 
for the airspeed vector went up when flight in still air was compared to flight in steady 
wind [1-2 and 4-5], Ground speed did not change when we compared flight in wind and 
wind shifting over 90° [2-3 and 5-8]. Airspeed was increased for flight in wind shifting 
over 90° as compared to flight in steady wind [2-3 and 5-8] 
Table 7.2. Summary of pairwise differences among treatments. Differences among univariate variables 
are given in average and 95 % Cl. For bivariate variables the P-values for Hotelling's T2 test are 
provided. Levene's tests for all comparisons were not significant indicating that variates for pairwise 
comparison had similar variances. Numbers in the column marked comparison refer to treatments in 
Table 7.1. Differences marked with an asterisk pass the Schefife-test for simultaneous pairwise 
comparisons. 
Comparison Ground speed 
[cm sec -1] 
Airspeed 
[cm sec-1] 
Turn rate 
Airspeed 
[deg sec-1] 
Ground speed 
vectors P 
-values 
Airspeed 
vectors 
P-values 
Drift vectors. 
P-values 
1-2 -5.5 ±3.7 -14.4+ 4.3* 49.1 ±24.5* 0.0872 0.0000 0.0000 
1-3 ns -21.1 ± 4.6* ns 0.0001 0.0000 0.0000 
2-3 ns -6.7+ 4.6 ns 0.0000 0.0000 0.0000 
4-5 ns -15.4+ 5.4* 44.9 ±31.3 ns 0.0000 0.0000 
5-8 ns ns -35.6 ±31.3 ns ns ns 
7-8 ns ns -32.1 ±32.0 ns ns ns 
4-7 -5.2 ± 4.8 -18.2 ±5.6 41.5 ±35.0 ns 0.0001 0.0000 
4-8 ns -17.7 ±5.5 ns 0.01 0.0000 0.0000 
D.funebris flew at slower ground speeds [1-2], whereas D. immigrans flew at similar 
ground speeds in still air compared to steady wind. Two additional experiments were 
performed with D. immigrans. With the fluorescent tubes perpendicular to the wind, 
flight behavior in steady winds was not different from flight in steady wind with the tubes 
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parallel to the wind [5-6], Wind continuously shifted over 45° evoked flight with lower 
tumrates for the airspeed vector as compared to wind shifted over 90° [7-8], When flight 
in 45° shifted wind was compared to flight in still air all three univariate parameters had 
higher values under windy conditions [4-7], 
In conclusion, fruitflies deprived of food fly similar ground speeds under the three 
tested wind conditions. They achieve this performance by increasing airspeed and in 
shifting winds increasing the turn rate of the airspeed vector which represents the thrust 
from the wings. The extent to which the wind is shifted influenced the magnitude of rate 
of change in direction of the airspeed vector. 
Does the flight behavior performed by the tested Drosophila species conform the 
predictions for resource searching by Sabelis and Schippers [1984] and Dusenbery [1989]? 
In other words, do these flies conform to the rules that lead according to these models to 
time-efficient searching strategies? According to the models, flies should fly across the 
wind line in steady wind. The argument is that the plume shape stretches down wind over 
some distance and the chance of intercepting a plume depends on how large its cross 
section is relative to the direction of movement of the searcher. Similarly once the wind 
starts shifting over angles larger than 60°, the largest time-averaged cross section of the 
plume is possibly perpendicular to the mean wind direction. Therefore a searcher able to 
steer up or down wind the mean wind direction has an increased chance to intercept the 
plume than one flying across the wind line [Sabelis and Schippers, 1984], 
Paired comparison with Watson U2 for the direction and variability of flight and drift 
revealed no differences between species flying in the same wind conditions. The 
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Hotelling's T2 test [Table 7.2] revealed that ground speed, airspeed and drift vectors were 
significantly different for D. funebris and D. immigrans flying in still air when compared 
with those flying in wind with the lights perpendicular and in winds shifting over 90° [1-2; 
1-3, 2-3 and 4-5; 4-7; 4-8], 
Hotelling's confidence ellipses were plotted summarizing the secondary bivariate 
statistics for ground speed, airspeed and drift vectors for each treatment. The mean vector 
length in each plot is a measure of the consistency in direction taken by all flies in a 
particular experiment. The ellipse depicts the bivariate 95% confidence interval for the 
mean vector. Variability in the mean vector length can be reconstructed by circles with 
the origin as a center and tangent to the ellipse. The radii of the inner and outer circle 
give the 95% confidence interval for the mean vector length. When the ellipse does not 
include the origin the flies on average flew consistently in a direction. The variability in 
direction itself can be reconstructed by drawing lines from the origin tangent to the 
confidence ellipse. The shape of the ellipse depends on the correlation coefficient between 
the two variates. Ellipses approaching the shape of a circle indicate no significant 
correlation between the two variates. A more elongated ellipse indicates a higher 
correlation between the two variates. 
In the coordinate system used wind in the flight tunnel blew into the 135° direction. 
In shifting winds the average wind direction coincides with the 135° direction but was 
varied symmetrically around the mean direction. Turn rates of wind during shifts over 45° 
were twice as slow as during shifts over 90° [Table 7.1]. In the plots summarizing the 
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drift vectors the longitudinal body axis coincides with X-axis with the head in the positive 
X-direction. 
D. funebris fly in directions not significantly different from a random distribution in 
still air [Fig. 7.2] indicating that no directional bias was induced by the visual surround. 
In steady wind the flies aimed their thrust close to upwind [Fig. 7.3], resulting in 
ground speed vectors perpendicular to the wind line with little variation in direction. Drift 
was controlled at an angle to the longitudinal body axis. 
In shifting winds, they flew up the mean direction of wind, by aiming the thrust in a 
manner that resulted in small drift angles [Fig. 7.4], D. immigrans took flight in all 
directions in still air [Fig. 7.5], In steady wind [Fig. 7.6] the ellipse for summarizing mean 
ground speed vectors for all flies included the origin indicating that as a group the flies did 
not fly in a consistent direction relative to the wind. 
Fig. 7.2. A Hotelling's confidence ellipse for ground speed vectors and a sample track of D. funebris flying 
in still air. Ellipses are drawn with cm sec'1 as units. The ellipse encloses a 95 % bivariate confidence 
interval for the sample center. Dots represent the end points of the mean vectors of 11 flies. Positions 
along flight track are 0.1 sec apart. 
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Fig. 7.3. A Hotelling's confidence ellipse for ground speed [left], airspeed [middle] and drift [right] 
vectors and a sample track of D. funebris flying in steady wind of 26 cm sec'1. Ellipses are drawn with 
cm sec'1 as units. The ellipse encloses a 95 % bivariate confidence interval for the sample center. Dots 
represent the end points of the mean vectors of 11 flies. Positions along flight track are 0.1 sec apart. 
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Fig. 7.4. A Hotelling's confidence ellipse for ground speed [left], airspeed [middle] and drift [right] 
vectors and a sample track of D. funebris flying in shifting winds of 26 cm sec'1. Ellipses are drawn with 
cm sec'1 as units. Wind is continuously shifted over 90°. The ellipse encloses a 95 % bivariate confidence 
interval for the sample center. Dots represent the end points of the mean vectors of 11 flies. Positions 
along flight track are 0.1 sec apart. 
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Fig. 7.5. A Hotelling's confidence ellipse for ground speed vectors and a sample track of D .immigrans 
flying in still air. Ellipses are drawn with cm sec1 as units. The ellipse encloses a 95 % bivariate 
confidence interval for the sample center. Dots represent the end points of the mean vectors of 11 flies. 
Positions along flight track are 0.1 sec apart. 
Given that the position of the light tubes altered the responses to wind in D. 
immigrans, directional cues from the light cannot be ruled out as a factor influencing their 
orientation to wind cues [Fig. 7.7], The direction in which the flies drifted was 
significantly affected by the orientation of the lights from a slight angle [Fig. 7.6] to almost 
no drift [Fig. 7.7], 
The experiments with shifting wind revealed that flies significantly changed their 
direction of flight and drift in wind shifted over 45° and 90° relative to steady wind. The 
rate at which the wind was shifted had an effect on the degree to which they ended up 
flying parallel to the mean wind direction [Figs 7.8 and 7.9], In 45° shifts flies flew at a 
larger angle to the mean wind direction compared to the flies that responded to wind 
shifting over 90°. This was accomplished by maintaining the direction of drift at smaller 
values. In other words, once the fly detects shifts of the wind beyond a certain rate it 
starts balancing its transverse drift to either side with the result that it flies upwind the 
mean wind direction. 
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Fig. 7.6. A Hotelling's confidence ellipse for ground speed [left], airspeed [middle] and drift [right] 
vectors and a sample track of D. immigrans flying in steady wind of 26 cm sec'1. Ellipses are drawn with 
cm sec'1 as units. The ellipse encloses a 95 % bivariate confidence interval for the sample center. Dots 
represent the end points of the mean vectors of each of 11 flies. Positions along flight track are 0.1 sec 
apart. 
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Fig. 7.7. A Hotelling's confidence ellipse for ground speed [left], airspeed [middle] and drift [right] 
vectors and a sample track of D. immigrans flying in steady wind of 26 cm sec'1. Ellipses are drawn with 
cm sec'1 as units. The lights are oriented perpendicular to the wind direction. The ellipse encloses a 95 % 
bivariate confidence interval for the sample center. Dots represent the end points of the mean vectors of 
11 flies. Positions along flight track are 0.1 sec apart. 
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Fig. 7.8. A Hotelling's confidence ellipse for ground speed [left], airspeed [middle] and drift [right] 
vectors and a sample track of D. immigrans flying in shifting winds of 26 cm sec1. Ellipses are drawn 
with cm sec'1 as units. Wind is continuously shifted over 45°. The ellipse encloses a 95 % bivariate 
confidence interval for the sample center. Dots represent the end points of the mean vectors of 11 flies. 
Positions along flight track are 0.1 sec apart. 
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Fig. 7.9. A Hotelling's confidence ellipse for ground speed [left], airspeed [middle] and drift [right] 
vectors and a sample track of D. immigrans flying in shifting winds of 26 cm sec'1. Ellipses are drawn 
with cm sec'1 as units. Wind is continuously shifted over 90°. The ellipse encloses a 95 % bivariate 
confidence interval for the sample center. Dots represent the end points of the mean vectors of 11 flies. 
Positions along flight track are 0.1 sec apart. 
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Discussion 
Drosophila flies in this study responded to a continuously shifting wind by balancing 
the degree to which they were pushed to either side by wind-induced drift and in doing so 
began flying toward the average direction of the wind. The drift was balanced more 
evenly by D. immigrans flying in wind shifted at an average rate of 12 deg sec'1 over 90° 
compared to flight responses in wind shifted at an average rate of 6 deg sec'1 over 45°. 
Flies in steady wind aimed their thrust so they consistently were drifting in one direction 
and thereby for the duration of the flight they flew perpendicular to the wind line. 
These observations suggest that Drosophila in the field could shuttle between either 
an upwind or crosswind search strategy, depending on whether the wind direction was 
variable or steady. 
These responses are in compliance with the predictions of the two models put 
forward for optimal search for odor plumes [Sabelis and Schippers, 1984; Dusenbery 
1989]. In addition Drosophila flew up the average wind direction in shifting winds in 
accordance with predictions of another model proposed by Dusenbery [1990]. 
From a behavioral point of view there are several problems for the implementation of 
the rules set forward by the models. The probability of detecting a plume is based on 
simple time-averaged models for plume dispersion [Elkinton et al., 1984], Both models, 
the one by Sabelis and Schippers [1984] and Dusenbery [1989], assume that the insect can 
sense in some way the magnitude of the shift in wind direction and estimate the time 
averaged wind direction. 
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First, is it sufficient to know whether wind shifts direction over more than 60°, while 
searching for a plume as noted by both authors? The time-averaged cross section of a 
plume available to a searcher not only depends on the number of degrees over which the 
wind shifts but also on whether the shift is performed with constant or varying speed. In 
other words, when the wind changes direction slowly near the points where the shift 
reverses its direction but very fast at the half way point, an insect flying upwind the 
average wind direction may very well benefit adhering to the rules set forward by the 
models. However, the opposite is true when the speed of change in direction is low at the 
halfway point and high at the reversal point because most of the time the plume will be 
aligned with the average wind direction. Models to describe large scale shifting of wind of 
both types are available [Murlis et al., 1992], 
The wind shifts presented to the fruitflies varied not only in the total degrees shifted 
[45 or 90] but also in the rate at which the wind shifted [Table 7.1]. Although the current 
experiments did not attempt to separate the effect of turn rate of the shift and total degrees 
shifted, one could argue that not total degrees but the rate at which the wind shifts is 
probably a reliable cue for Drosophila to adjust its search strategy. 
Dusenbery's model [1989] points out that the relative speed of a searcher through the 
medium, its airspeed, and the wind speed determines the effect of direction of search on 
the probability of intercepting a plume. The model predicts that impact of search direction 
on interception chance is maximized when airspeed and wind speed are equal. Insects fly 
in a wide range of wind speeds and at least in odor plumes control their ground speed. As 
a consequence, the ratio between wind speed and airspeed may vary while insects search 
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for odor plumes. The question than arises how long an insect should sample to obtain the 
average wind direction under these different conditions. The degree to which an insect 
flying straight forward is pushed off course per unit of time for each degree of change in 
the direction of wind very much depends on its airspeed relative to the wind speed. For 
example, an insect flying four times the wind speed will be pushed much less sideways 
than one flying twice the wind speed. Consequently a rapid flier will have to sample over 
a longer time to detect a one degree of change in wind direction. 
In conclusion these experiments describe the first example of insects in absence of 
odors changing steering to shifting of the wind in a manner that is predicted by two simple 
models for optimal strategies for plume location. The precise patterns of wind shifts in the 
habitats where fruit flies search for food odor plumes remains to be documented. 
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CHAPTER 8 
A THREE DIMENSIONAL STUDY OF THE ROLE OF VISION AND OLFACTION 
DURING IN-FLIGHT MANEUVERS OF A PARASITIC WASP IN A HOST-ODOR 
PLUME 
Introduction 
Considerable experimental evidence supports the idea that flying insects are guided by 
vision and olfaction during attraction to wind dispersed odors . For moths it has been 
established that vision is used to steer upwind and thereby enhance the chance to head 
toward the odor source [Baker, 1986], However, hypotheses whereby the spatial 
distribution of odors was thought to directly affect the flight maneuvers have not found 
clear experimental proof [Kennedy, 1986]. Rather, all insects studied so far engage in 
upwind flight in contact with an odor plume, whereas loss of contact with odor induces a 
crosswind zigzagging flight. 
Females of the parasitic wasp, Microplitis croceipes, fly to host odors in a flight 
tunnel [Drost et al., 1986; Zanen et al., 1989], In flight upwind to host-related odors, 
ground speed is maintained at a relatively fixed level in winds of increasing strength 
[Zanen et al., 1989], The question addressed in this study is how the wasps maintain 
contact with the plume. 
Detailed measurements of flight tracks of male moths responding to sex pheromone 
have advanced the understanding of how insects find odor sources. Using the triangle of 
velocities method [Marsh et al., 1978], the flight motor output can be derived from the 
flight tracks once the direction and strength of the wind is known. This method allows 
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studies of how insects respond with thrust generated by the wings to the presented 
stimulus conditions. The shape of flight maneuvers depends on how lift generated by the 
flapping wings is partitioned into thrust and torque [David, 1986], Therefore it seems 
appropriate to categorize flight responses into a combination of a change in linear motion 
/ 
and a change in the direction of motion. 
The question addressed in this study will be approached with three types of 
experiments. First, as traditionally has been done, we looked how the wasps responded 
when the odor plume was removed while they were progressing upwind in response to the 
odor. Once the plume is removed, all maneuvers performed can no longer be triggered 
by the odor stimulus itself and may reflect past stimulus experience. If one assumes that 
plume negotiation is dominated by an "anticipated" plume position based on short-term 
"memory", removing the plume evokes maneuvers in essence similar to those while the 
plume was present and only differ in the magnitude they are performed. In other words, 
the removal of the plume may provide insight on the behavioral maneuvers used to 
maintain plume contact. This need not to be true. It is also possible that loss of contact 
with the plume evokes a behavioral program that is geared toward finding an odor plume 
emitted by another source. Of course there may be a gradual change over time from the 
first strategy to the second: persist for a while to try to regain contact with the previous 
encountered plume and after that fails switch to a strategy optimal for finding another 
plume. 
Our second experimental approach did not require removal of the plume. Instead, we 
altered the contrast richness of the visual surround. Responses to a change in 
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contrast-richness of the floor may tell us how wasps use vision to steer their maneuvers 
relative to an odor plume. 
Finally, we investigated how contrast-richness of the floor pattern influenced 
responses to plume removal. 
A novel approach in this study is the use of 3-D recording of the flight maneuvers. 
In previous studies on in-flight responses to semiochemicals [but see Witzgall and Arn, 
1990; Murlis and Bettany, 1977] it is assumed that flight is performed at the altitude of 
the plume and therefore it is appropriate to record the track in the horizontal plane. Here, 
we first test whether this assumption holds and if indeed no information is lost by 
restricting the study of flight behavior of wasps to two dimensions. 
Material and Methods 
Preparation of wasps for experiments 
Wasps were reared and prepared for the experiments as described in Appendix A, 
general rearing procedures. Odor sources and plume generation techniques as described 
in Appendix B were used. Before release in the flight tunnel wasps underwent a preflight 
treatment as described in Appendix C, which was the same for all experiments with M 
croceipes. 
Experiments 
Wasps with a preflight exposure to the standard treatment [see Appendix C, general 
experimental procedures] were tested in the flight tunnel described in Chapter 2 with the 
experimental conditions summarized in Table 8.1. 
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On a sheet of paper [165 x 84 cm] I glued 30 randomly-placed dark red round dots 
[diameter 64 mm]. The pattern was covered with a cotton fabric mask with 70 mm 
diameter holes matching the position of the dots on the sheet underneath. The sheet with 
dots could be pulled either to expose the dots by matching the position of dots and holes 
or to hide the dots by pulling the dots away from the holes. In addition to obtain a 
stationary halfway shift, 15 extra dots were used to provide half the floor with dots with 
the dots on the sheet hidden under the mask. 
With this set up I could generate the following visual conditions: a blank or a dotted 
pattern; dotted on either the first or the second half of the floor, or while the wasp was in 
flight, the whole floor pattern could be changed from dots to blank or the reverse as soon 
as the wasp had progressed halfway upwind the tunnel. 
A reflectance spectrum was made of the cotton blank background and the dark red 
dots using the procedures described by Owens and Prokopy [1986], A Shimadzu 
UV-210 spectrophotometer was used to measure how the reflectance varied with the 
wavelength of the light bounced onto the cotton fabric used as a background and the red 
dots. Measurements with the system are relative to the reflectance of a magnesium-oxide 
standard. Relative reflectance of the cotton fabric did not vary with the wavelength. The 
relative reflectance of dark red used in these studies dropped off to near zero for light with 
wavelengths shorter than 600 nm. 
A second series of experiments tested the effect of removal of the plume on flight 
behavior. The response of female M croceipes to loss of plume contact is predictable in 
this flight tunnel: the wasp starts with casting and then drifts while zigzagging slowly 
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downwind. This behavior was used to re-evoke upwind progress after the wasps returned 
to the point of release. The plume-removal experiments had three parts: upwind flight 
with plume present; zigzagging flight with plume absent; and upwind flight with plume 
present. 
Flight records were measured in 3-D with Mantid™ as described in Appendix D. The 
stimulus conditions were included with the final data files containing the measurements of 
the flight behavior as described in Appendix D. Flight track analysis was performed as 
described by Appendix E. 
Table 8.1. Overview of visual patterns and olfactory stimulus conditions used in the experiments 
Experiment # Floor Pattern Odor Plume 
1 Blank Continuous 
2a,^2b,^2c Blank First half flight wasp present [a] then 
Stopped [b], when wasp returned to release 
point plume was switched on again [c]. 
3 Dots Continuous 
4a^4b^4c Dots First half flight wasp present [a] then 
Stopped [b], when wasp returned to release 
point plume was switched on again [c]. 
5 First half floor Dots; second 
half Blank. 
Continuous 
6 First half floor Blank; 
second half Dots. 
Continuous 
7a*^7b First half flight wasp Blank 
[a] then pulled to Dots [b] 
Continuous 
8a-»8b First half flight wasp Dots 
[a] then pulled to Blank [b] 
Continuous 
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Results 
The effect of richness in contrast of the floor pattern on flight behavior was tested by 
releasing wasps in a standard odor plume as described in Appendix C above a blank floor 
or a floor with dots [ 1 and 3, Table 8.1]. The effect of a change in richness of contrast 
was tested in two ways: we presented a floor that was halfway blank and halfway dotted 
[5 and 6, Table 8.1] and we changed the whole floor from blank to dotted [7 and 8, Table 
8.1] when the wasp had progressed halfway upwind [50 cm down wind from the odor 
nozzle]. In Table 8.2 the average values for variables describing the flight behavior are 
grouped. For experiments where the treatment changed during a flight, ANOVA for 
repeated measures was used to test for treatment effects. 
In Fig. 8.11 plotted in 3-D the flight of a wasp when the floor pattern was changed 
from blank to dotted. The change took place at frame 77 marked with a vertical arrow in 
the lower right graph. 
Table 8.2. Flight responses to floor patterns. Summary statistics based on samples of 50 points from each 
track. Experiment numbers are explained in Table 8.1. N is the number of tracks for each treatment. [G] 
is the average 3-D forward velocity ± SD in cm sec'1. [A] is 3-D average airspeed ± SD in cm sec"1. [Th] 
is horizontal projection average turn rate of airspeed vector ± SD in deg sec'1. [Tv] is vertical component 
average turn rate of airspeed vector ± SD in deg sec'1. P-values refer to chance of no treatment effect as 
obtained from a one-way ANOVA. 
Experiment N G P=0.0537 A P=0.7172 Th [xy] P=0.079 Tv [yz] P=0.0134 
1 12 17.0+ 5.3 77.4 ± 12.3 23.0+11.3 25.9+14.7 
3 19 17.2 ± 6.0 77.0 ± 11.6 30.4 ± 19.7 33.7 ± 15.4 
5 12 18.1+ 7.4 75.8+ 11.1 28.9 + 27.4 33.6 ±30.8 
6 12 24.8+ 7.5 77.2+ 12.6 40.0 + 22.1 52.0 ± 29.4 
7a 9 23.4 ± 11.9 79.8+ 7.3 36.8+16.9 48.0 ±45.0 
7b 12 30.6+ 9.3 75.0+ 9.2 55.3 ±20.3 58.0 ±42.0 
8a 6 25.9 ± 13.3 80.0 ± 11.7 43.1 + 13.5 48.4 ±36.5 
8b 8 31.6+16.9 80.3+ 16.1 58.3 +25.3 49.0 ±39.7 
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Fig. 8.1. A 3-dimensional plot of the flight response of a female M. croceipes to a change in the floor 
pattern from blank to dotted at frame 77. In the lower right graph this instant is marked with a vertical 
arrow. Upper right graph is a 3-D representation of the flight, [b] marks the beginning of the flight track. 
Left side graphs are top, side and frontal views. Horizontal arrows give the direction of the wind. All 
dimensions are in cm. Positions along flight track are 0.1 sec apart. 
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Within each experimental condition, I tested whether the treatment effects depended 
on when a fixed sample was taken during a flight track. Treatment effects were not 
dependent on the sample moment. In other words, the behavioral response to the 
treatments did not change during the flight. 
A clear effect of a change in contrast richness of the floor pattern was found when I 
compared experiments [5 versus 6] and [7a* 7b]. Wasps flying from a contrast poor 
floor to a contrast rich floor [5] flew on average 6.7 cm sec'1 faster ground speeds 
compared to wasps flying over a floor with a reverse order of contrast change [6], 
When a wasp was flying upwind over a featureless sheet and the dots were uncovered 
[7a* 7b], wasps stabilized their altitude, reflected in a decrease in vertical turn rate of 
the airspeed vector of 18.5 deg sec'1 . Floor patterns were changed when the wasps had 
progressed halfway upwind the tunnel so flight during the first and final 50 cm upwind to 
the source were compared. However, this series of experiments showed inconsistent 
results. If wasps indeed performed always more tortuous flight over a contrast rich floor 
as compared to a contrast poor floor as suggested by Fig. 8.1, then comparisons [1 versus 
3], [7a* 7b], and [8a* 8b] should have given similar results. 
Some wasps responded clearly with more tortuous flight [Fig. 8.1] but the majority 
did not alter the tortuisity of their upwind flight following a transition from featureless to 
dotted floors. 
Wasps responded to loss of contact with a host odor plume by drifting downwind 
[Figs. 8.2 and 8.3]. The flight tracks were split in three parts: a first upwind approach to 
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Table 8.3. Summary values describing flight responses to plume removal. Summary statistics are based 
on fixed samples of 50 points from each track. Experiment numbers explained in Table 8.1. N is number 
of tracks for each treatment. Mean ± SD in cm sec1 for: [Gx] upwind component of forward velocity; [G] 
total 3-D forward velocity; [Ax] is the upwind component of the airspeed; [Dy] is the transverse 
component and [Dz] is the vertical component of the visual flow. [Th] is horizontal projection of average 
turn rate of airspeed vector ± SD in deg sec'1. [Tv] is vertical projection average turn rate of airspeed 
vector ± SD in deg sec'1. P-values refer to chance of no treatment effect obtained from an ANOVA for 
repeated measures. 
Exp.# N Gx 
P=0.2280 
G 
P=0.0537 
Dy 
P=0.0025 
Dz 
P=0.0786 
Ax 
P=0.2280 
Th [xy] 
P=0.0786 
Tv [yz] 
P=0.0134 
2a 7 5.8 ±3.5 18.9 ± 6.1 2.3+ 1.7 18.2+ 5.6 69.3+ 2.3 53.3 ±28.0 23.7 ± 8 .3 
2b 8 -1.0 ± 3.4 20.7+ 6.8 4.5+ 2.8 19.2+ 6.2 63.9+ 2.4 61.1 ± 2.4 44.3 ± 1.4 
2c 5 4.0+ 6.1 20.9+ 8.5 2.9+ 1.6 19.5+ 7.3 69.2 + 6.0 69.2 ± 6.0 37.5 ±28.1 
4a 11 3.0 ± 9.3 22.7 + 5.5 4.0 ± 2.2 21.2+ 5.6 67.1 + 10.2 67.1 ± 10.2 42.9 ±11.1 
4b 11 -0.3 ± 4.0 30.1 + 12.8 6.6+ 2.8 27.8 + 11.9 69.1 + 9.1 69.1 ± 9.1 60.1 ±25.3 
4c 9 4.1 ± 8.1 20.6+ 5.4 3.5+ 1.1 19.1 + 5.4 67.6 ± 8.2 67.6 ± 8.2 47.6 ± 16.9 
i 
vertical component of the turning rate of the airspeed vector. Wasps loosing contact with 
the odor plume above a dotted contrast-rich floor increased the vertical component of 
about 50 cm downwind from the source [2A, 4A], a period where the wasp has no 
longer contact with the odor plume [2B, 4B], and a second approach upwind until landing 
on the source [2C, 4C], Both stimulus sequences were performed with a blank and a 
dotted-floor pattern. The summary values for variables that tested different in ANOVA 
for repeated measures are tabulated in Table 8.3. 
In Table 8.4, we summarized the results of paired t-tests for comparisons that had a 
significant difference and the 95% Cl of those differences. Upwind components of the 
3-D forward velocity and 3-D airspeed decreased by 6.8 cm sec1 when the plume was 
removed while wasps were flying above a blank floor pattern [2ar^2b], but no similar 
change was observed for wasps flying above a dotted floor pattern [4a*^4b]. Wasps 
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responded to a loss of contact with the host odor with redirecting their airspeed vector at 
a higher rate in the vertical direction as reflected by a 20.5 deg sec'1 increase of the 
Table 8.4. Differences in summary values describing flight responses to plume removal. Differences 
among univariate variables are given in average and 95 % Cl. Levene's tests for all comparisons were not 
significant indicating that variates for pairwise comparison had similar variances. Numbers in the 
column marked Exp.# refer to treatments in Table 8.1. Abbreviation in first row are explained in Table 
8.3. None of the differences pass in addition to the pairwise t-test, the Schefife's test for simultaneous 
pairwise comparisons. 
Exp. # Gx G Dy Dz Ax Th Tv 
2a-2b 6.82 + 6.68 ns ns ns 6.82 ±6.68 ns -20.54 ± 20.08 
2a-4a ns ns ns ns ns ns -19.22 ± 18.76 
2b-4b ns -9.41+7.64 -2.11 ±2.06 -8.55+7.16 ns ns 
4a-4b ns -7.39+7.01 -2.60 + 1.89 -6.63+6.57 ns ns -17.17 ± 16.54 
4b-4c ns 9.51+7.39 3.19+1.99 8.71+6.92 ns 26.60 ± 18.97 ns 
the turning rate of the airspeed vector 17.2 deg sec'1 [4a*^4b]. As mentioned before, 
wasps drifted down wind as a result of these changes in behavior. 
During the first half of the plume pulling experiment with the odor present there was 
a difference between upwind flight above a blank floor and a dotted floor [2a versus 4a, 
Table 8.4], consistent with one of the comparisons where the floor was pulled from blank 
to dotted [7a^7b, Table 8.2], In both comparisons wasps varied their vertical 
movement less frequently above a dotted floor compared to a blank floor. 
A floor pattern effect was also clear in flight responses while the plume was not 
present [2b versus 4b]. Wasps flew 9.4 cm sec'1 faster 3-D forward velocities above a 
dotted floor compared to a blank floor. Wasps loosing the odor plume above a dotted 
floor maintained the transverse and vertical components of the visual image flow. 
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respectively 2.1 and 8.5 cm sec1 higher, compared to wasps flying under similar 
conditions above a blank floor. 
Top view Side view Frontal view 
Plume present [2A] 
Plume pulled [2B] 
Plume present [2C] 
Fig. 8.2. A plot of the flight response of a female M croceipes to removal of the odor plume above a blank 
floor pattern. Horizontal arrows indicate the wind direction. All dimensions are in cm. Numbers 2A, 2B 
and 2C refer to experimental procedures in Table 8.1. All measurements are in centimeters. 
The flight response to loosing contact with the host odor plume above a 
contrast-rich floor was an increase of 7.4 cm sec'1 in 3-D forward velocity and an increase 
in the transverse and vertical components of the visual image flow of 2.6 and 6.6 cm sec'1, 
respectively [4a^4b, Table 8.4], 
Wasps that regained contact with the host odor plume above a contract-poor floor 
130 
Top view Side view Frontal view 
Plume present [4A] 
Plume pulled [4B] 
Plume present [4C] 
Fig. 8.3. A plot of the flight response of a female M. croceipes to a removal of the odor plume above a 
dotted floor pattern. Horizontal arrows indicate the wind direction. All dimensions are in cm. Numbers 
4 A, 4B and 4C refer to experimental procedures in Table 8.1. 
did not change their flight behavior. Wasps that regained contact with the host odor 
plume above a contract-rich floor lowered their 3-D forward velocity with 9.5 cm sec'1 by 
maintaining the transverse and vertical components of the visual image flow at 3.2 and 8.7 
cm sec'1 lower levels respectively, compared to flight in absence of the odor plume 
[4bHMc, Table 8.4], In addition they lowered the horizontal component of the turn rate 
of the airspeed vector by 26.6 deg sec'1. 
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Discussion 
Three dimensional recording of flight tracks allowed us to study flight responses by 
female wasps that would not have been revealed from 2-D flight records. Studies of flight 
responses by moths to sex-pheromone can also benefit from 3-D recording. Baker [1986] 
mentions that crosswind excursions in the vertical direction extend about half the distance 
covered during horizontal zigzagging. However, there are very few 3-D studies of 
oriented upwind flight to sex-pheromone by moths in flight tunnels [but see references in 
Chapter 2], 
The parasitoid M. croceipes increased its turning rate in the vertical direction in two 
tested experimental conditions. During host-odor mediated flights above contrast-poor 
floors wasps turned more in the vertical direction compared to flights above contrast-rich 
floors. Wasps increased variation of their altitude while drifting slowly downwind in 
response to loss of contact with the odor plume [Figs. 2B and 4B]. 
The effect of contrast-richness of the floor on the flight behavior was most 
pronounced after the wasps lost contact with the odor plume [Table 8.4]. Wasps flying 
above a contrast-poor floor controlled their overall 3-D velocity at an unchanged level. 
Because more excursions in the vertical direction were made upon loss of contact with the 
plume upwind progress decreased. 
Wasps loosing plume-contact while flying above a contrast-rich floor increased their 
overall 3-D velocity and partitioned this increase into more crosswind flight both in the 
vertical and horizontal direction. Once they regained contact with the plume they slowed 
down their overall 3-D velocity and at the same time made less crosswind excursions. 
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Host-odors evoked upwind flight that ceased once wasps lost contact with the 
host-odor plume: they drifted back to the down wind end of the flight tunnel. M 
croceipes uses visual cues to control rate of upwind flight in increasing wind velocities 
[see Chapters 4 and 5], The angular velocity of image flow for an insect flying at a 
certain velocity varies inversely with its flight altitude [Kuenen and Baker, 1982a], It 
follows that when an insect cannot control its flight altitude, angular velocity is no longer 
a reliable indicator for flight speed. Wasps varied their altitude more frequently above 
contrast-poor floors and this may indicate that wasps were impaired in their ability to 
stabilize their altitude. Contrast-rich visual cues, like the striped patterns tested in Chapter 
4, affected flight speed. Stripes parallel to the wind line, that provide reduced visual 
information regarding upwind progress but may allow good altitude control, evoked 
elevated flight velocities. When visual cues providing information about altitude and 
wind direction are reduced, wasps fly at low speeds compared to contrast-rich conditions. 
Wasps made crosswind maneuvers both in the vertical and horizontal direction once 
they lost contact with the host-odor plume. This may indicate that in the habitat where M 
croceipes hunts for hosts wind shifts [David et al., 1983; Baker and Haynes, 1987] and 
misalignments of the odor plume with the average wind direction [Elkinton et al., 1987] 
both occur in the vertical and horizontal direction. 
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CHAPTER 9 
THE EFFECT OF PLUME SHAPE ON THE FLIGHT MANEUVERS OF A 
PARASITOID IN HOST-ODORS DISPERSED BY WIND 
Introduction 
Insects flying toward an odor source in wind must maintain contact with the odor 
plume and fly an upwind heading. There are at least two causes for an insect to loose 
contact with the plume. 
The first cause is a drop in the emission of the odor at the source below a level that 
can be detected further downwind by the insect. A second cause is large scale turbulence 
that causes the odor molecules being drawn in varying directions relative to the 
time-averaged wind direction [Elkinton et al., 1987], As a consequence, insects further 
away from the source are less likely to secure contact with the odor plume while flying an 
upwind heading because the long axes of filaments of odor are less likely aligned with the 
average wind direction. 
Previous experiments showed that insects are successful in regaining contact with the 
plume once loosing it due to a wind shift local to the position of the insect [Baker and 
Haynes, 1987; David et al., 1983]. In this case the plume was always aligned with the 
local wind line. 
Moths engaged in casting and so regained contact closer to the source than at the 
instant they lost contact [ David et al., 1983]. Because under these conditions both wind 
direction and plume position change together, one cannot decide which one of the two 
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changes in stimulus conditions, the position of the plume or the change in visual image 
flow caused by the wind shift, provided the information that enabled the insect to regain 
contact. 
The flight response by gypsy moth to plume structures similar to the ones observed in 
the forest by Elkinton et al. [1987], later confirmed in the African savanna by Brady et al. 
[1989], was studied in flight tunnel experiments by Carde and Charlton [1985], Male 
gypsy moths Lymantria dispar maintained contact with a snaking plume of sex pheromone 
[Carde and Charlton, 1985], The plume in this case was not aligned with the wind 
direction because the odor source was moved manually perpendicular to the wind 
direction. In this case loss of contact with the plume was only caused by the changed 
plume position and therefore responses to regain contact may have been guided by the 
plume boundaries. Carde and Charlton [1985] suggested that moths followed this snaking 
plume by a directed response to the plume boundaries or a transverse gradient in odor 
concentration. However, no extensive analysis other than the observation that the moth 
kept contact was given. Kennedy [1986] argued that non-directed responses to the plume 
boundaries similar to those executed in wind shifts might as well have explained the 
observations done by Carde and Charlton [1985], Kennedy [1986] suggested that only 
when a clear bias in the direction of turning can be detected after a plume is lost due to 
crosswind pulling one could argue that the explanation of Carde and Charlton [1985] is 
plausible. 
In this series of experiments I studied flight responses of the parasitoid Microplitis 
croceipes to plume boundaries. Plumes with varying width were used to study the effect 
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of plume size on flight behavior. Flight maneuvers following plume loss due to cessation 
of emission and to a loss of plume contact due to misalignment of the odor plume with the 
wind are described. 
Materials and Methods 
Insects 
All methods pertaining to rearing, maintenance of colonies and preparation of odor 
sources and handling ofM croceipes are described in Appendices A-C. 
Experimental Procedure 
Wind speed in all experiments was 61 cm sec'1. Floor patterns in all experiments 
were 30 randomly-placed dark red dots with a diameter of 64 mm. Plume shapes were 
generated with two devices. A vertical jet, as used in previous experiments, generated the 
control plume in experiment VJ [Table 9.1] and a standard plume pull experiment [Table 
9.1, experiment VJP ar^b]. Plumes were pulled while the wasp was in a steady upwind 
flight at the center of the plume once it had progressed halfway the upwind distance 
between release point and odor source [about 50 cm upwind]. 
A second device [Fig. 9.1] was used to generate horizontal sheet-shaped plumes with 
widths of 1, 10, and 20 cm. Two disposable pipettes were clamped vertically 25 cm apart 
on a aluminum L-shaped bar. The aluminum L-shaped bar was fixed perpendicular to the 
wind direction at the upwind end of the flight tunnel floor. The disposable pipettes were 
adjusted with the upper tapered end 10 cm above the flight tunnel floor. A piece of 
cotton yam was threaded through both pipettes and knotted into a loop. Once the loop 
was stretched with a rubber band a straight piece of cotton exposed to the air stream ran 
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25 cm 
Fig. 9.1. A device to generate horizontal sheet-shaped host-odor plumes. Two disposable pipettes [2a, 2b] 
were clamped vertically and 25 cm apart onto a L-shaped aluminum bar [3], A cotton loop [4] was 
threaded through the two pipettes with an exposed stretch 10 cm above the flight tunnel floor. Host-odor 
extracts [1] were pipetted onto 1, 10 or 20 cm of the exposed part of the cotton yam. A bead [5] large 
enough to be visible on the video record [ 0 8 mm] was used to reconstruct the position of the odor source 
during a flight response. 
was stretched with a rubber band a straight piece of cotton exposed to the air stream ran 
between the upper open ends of the pipettes. I made three of such set ups with marks 1 
cm, 10 cm or 20 cm apart on the 25 cm exposed cotton. During the flight tests host-odor 
extracts were pipetted between the marks to obtain a source of 1, 10 or 20 cm wide. I 
used micropipettes [5p.L with a lp,L graduated scale and lOpL] to apply host-odor 
extract onto the cotton yam. The other end of the loop lay on the flight tunnel floor 
within reach of me so I could pull the loop to change the position of the odor-bearing 
stretch of the cotton loop. By pulling the odor bearing stretch into one of the two pipettes 
I could stop odor emission. Once the wasp had progressed 50 cm upwind the plume was 
quickly removed [within 0.3 seconds] either to the left [Table 9.1, FLa^FLb] or to the 
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right [Table 9.1, FRa^FLb] by pulling the odor emitting stretch of yam into the pipette 
and so shield it from exposure to the wind. 
Track analysis 
Flight tracks were measured with the 2-D mode of Mantid™ and for each data point 
of the track record the state of the odor plume was added with a computer program. In 
experiments with quickly pulled plumes the state was either 'present' or 'gone'. Flight 
responses were analyzed for each state separately. 
From each flight track for each state I sampled 25 subsequent points or 2.5 seconds 
beginning at a randomly chosen moment. The 2.5 seconds sample size was chosen 
because it yielded the highest number of data points per experimental condition. 
However, some tracks did not contribute data points to a particular experimental 
condition because tracks did not last for 2.5 seconds and these were discarded. 
So-called bubble plots were made to represent how flight time was distributed 
relative to the position of a particular plume [Figs. 9.2 and 9.3], A computer program 
calculated frequency of positions of wasps above 80 quadrants on the flight tunnel floor. 
Each quadrant was 9 cm long in the upwind direction and 9 cm wide in the crosswind 
direction and there were 8 quadrants across and 10 along the wind line. The proportion of 
time spent above each quadrant is represented by the diameter of each circle, cumulative 
area of all circles together represents 100 % of all time spent by all insects released in a 
particular plume. For each flight track I calculated what proportion of flight time was 
spent above each of the 8 crosswind rows, all scores together accumulating to 100%. 
Next I tested whether time spent above each of the quadrants differed significantly among 
treatments with ANOVA for repeated measures. 
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More details about how flight tracks were measured and analyzed are given in 
Appendices D-E. 
Table 9.1. Description of experimental conditions in plume shape experiments with M. croceipes. The 
letters in experiment codes represent the presence or absence of the plume during plume pull experiments: 
a] plume present; b] plume pulled. [N] is the number of wasps tested in each experiment. 
Experiment # N. Plume type. 
W1 14 1-cm-wide plume 
W10 17 10-cm-wide plume 
W20 15 20-cm-wide plume 
VJ 15 Vertical Jet. 
FLa-^FLb 15 10-cm-wide plume pulled fast to the left 
FRa^FRb 15 10-cm-wide plume pulled fast to the right 
VJPa-^VJPb 15 Vertical Jet stopped. 
Results 
The width of the host-odor plumes affected the flight behavior of the wasps. Analysis 
of variance for repeated measures revealed a significant effect of plume width on the 
crosswind distribution of flight time [p=0.0106]. In Fig. 9.2 I mapped how wasps 
distributed flight time relative to the position of the three tested plumes. Plumes of 1 and 
10-cm width evoke similar flight-time distributions. I compared how wasps distributed 
flight time above three rows of quadrants: one row at the centerline of the plume and one 
row at either side of the centerline of the plume. Wasps spent 51 % of overall flight time 
above quadrants at the centerline of the 1 and 10-cm wide plumes [Fig. 9.2, row 4], 
Flight movements in the 20-cm wide plumes differed from those in the two other 
plumes because less time [21 %] was spent at the centerline of the plume. 
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Fig. 9.2. Distribution of flight maneuvers and a sample flight track above 80 quadrants by M. croceipes 
evoked by host-odor plumes of [Wl] 1 cm, [W10] 10 cm, and [W20] 20 cm width. Quadrants are 
9-by-9-cm. Approximate position of plumes is given by lines connecting the hashed areas on either side 
of the graph. Diameter of circles is proportional of time spent above each quadrant by all wasps. 
Positions along flight track are 0.1 sec apart. 
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Wasps spent more flight time near the plume boundaries during the first 72-cm upwind 
compared to the middle row of quadrants in a 20-cm wide plume [see Fig 9.2, W20, 28 
%, 21 %, and 51 %]. 
A second analysis was performed on the actual flight tracks. For each flight track we 
calculated the magnitude and turn rates for ground speed and airspeed based on 
vector-by-vector averages [Table 9.2], Tortuisity is a measure for the tendency of the 
wasps to turn. Because tortuisity is calculated by dividing upwind progress by overall 
track length, a flight track straight upwind receives score of one. Flight tracks of wasps 
that turn in varying degrees score tortuisity values between zero and one. 
Table 9.2. Effect of plume shape on summary statistics of a vector-by-vector description of flight. For 
each parameter the Mean + SD and the P-value for no differences among treatments as obtained with 
one-way analysis of variance. 
Exp. N Ground speed 
P=0.1261 
Turn rate 
ground speed 
P=0.0001 
Tortuisity 
P=0.0001 
Airspeed 
P=0.0001 
Turn rate 
airspeed 
P=0.0001 
W1 14 31.14 + 9.71 180.89 + 70.61 0.048 + 0.024 79.70 + 10.06 73.92 + 27.05 
W10 17 32.22 ± 8.40 162.03 + 75.95 0.051 +0.028 81.85+ 8.81 76.81 +44.47 
W20 15 28.09 + 8.80 177.90 + 93.90 0.060 + 0.029 79.87 + 8.88 65.21 ±42.85 
VJ 16 30.20 + 8.59 207.55 + 76.61 0.046 + 0.021 77.73 + 6.59 91.65 + 39.51 
Drift reversals take place whenever a wasps turns from one side of the wind line to 
the other, thereby changing the direction of drift [Table 9.3], The frequency of drift 
reversals was calculated in three ways: over time, over total traveled distance and over 
distance progressed upwind. When drift reversals over time increase one does not know 
how they increase in space because this depends on the ground speed. When drift 
reversals over total traveled distance increase it is not known whether this is accompanied 
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with slower upwind progress. The three given measures of drift reversal frequency 
together give a complete account of how the wasps turned in the wind. 
The width of sheet-shaped plumes had no significant effect on ground speed, 
airspeed, turning rates, and tortuisity of flight tracks. The varying crosswind probability of 
contacting the plume caused by different horizontal expanses of the plumes did not 
influence flight itself. 
Table 9.3. Effect of plume shape on parameters describing the temporal and spatial aspects of 
counter-turning. For each parameter the Mean + SD and the P-value for no differences among treatments 
as obtained with one-way analysis of variance. 
Exp. N # Drift reversals 
per upwind 
distance 
P=0.0001 
# Drift reversals 
per second 
P=0.0001 
# Drift reversals 
per overall 
distance 
P=0.0001 
W1 14 0.453 + 0.551 0.360 + 0.243 0.014+ 0.012 
W10 17 0.315+ 0.362 0.299+ 0.135 0.010 + 0.005 
W20 15 0.262 + 0.253 0.296+ 0.175 0.010 ± 0.005 
VJ 16 0.474 + 0.427 0.495 + 0.488 0.017+ 0.012 
The vertical expanse of the plume did affect in-flight turning, Table 9.4. 
Sheet-shaped 10-cm wide plumes were present before odor sources were pulled sideways 
in experiments FLa, FRa, andWIO [Table 9.1], Consistent differences were found 
between flights in sheet-shaped plumes and plumes generated with vertical jets. Drift 
reversals in sheet-shaped plumes were less frequent compared to those in conically-shaped 
plumes made with a vertical jet, but these decreases were not accompanied by reduced 
upwind progress. A possible explanation for the observed decrease in turning is that 
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Table 9.4. Significant effects of plume shape on parameters describing flight response. Mean difference + 
47 % Cl are given for each comparison obtained with repeated pair wise t-tests. 
Experiments 
compared 
Turn rate 
airspeed 
Tortuisity # Drift reversals 
per second 
# Drift reversals per 
overall distance 
VJ-W10 ns ns 0.196 + 0.155 0.0066 + 0.0065 
VJ-W20 26.4+ 23.3 -0.0148 ± 0.0147 0.199 + 0.159 ns 
VJ-FLa ns ns 0.242 + 0.160 ns 
VJ-FRa ns ns 0.271 ± 0.160 0.0081 + 0.0068 
wasps range to the plume boundaries in the vertical direction and therefore perform fewer 
countertums over time in thin plumes than in the thicker plumes generated with a vertical 
jet. 
Wasps did not change flight in response to varying widths of horizontal sheet-shaped 
host-odor plumes. Wasps turned more frequently in conical plumes generated by a 
vertical jet compared to horizontal sheet-shaped plumes. This may indicate that wasps 
adjust crosswind excursions to the vertical but not the horizontal boundaries of an odor 
plume. 
To further explore flight responses to plume boundaries I removed odor plumes while 
wasps were engaged in upwind flight to host-odors. The idea behind such experiments is 
that once the plume is lost flight maneuvers may be set to improve the probability of 
recontacting the plume. Moreover, a directed movement toward the plume boundaries 
was deemed plausible when flight behavior upon loss of contact with the plume was biased 
toward the direction in which the plume was removed across the wind line. To test 
whether M. croceipes performed such a responses, I generated asymmetric plume 
removals by quickly pulling the source into the pipette at the left or right side of the flight 
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Fig. 9.3. Distribution of flight maneuvers by M. croceipes above 80 quadrants after removal of 10 cm 
wide host-odor plumes with a quick crosswind pull to the left [FLb] or right side [FRb] of the flight 
tunnel. Approximate position of plumes before removal and during the pull is given by the hashed area's 
on left side of the graph. Diameter of circles is proportional of time spent above each quadrant by all 
wasps. 
tunnel. Symmetric plume removals were presented by stopping the pump that injected 
host-odors vertically into the wind. 
Plume removal by a quick crosswind pull of the odor source caused the wasps to fly 
above different floor quadrants depending on the direction of removal. This difference in 
flight movements was significant when the crosswind distribution of flight time was 
compared for crosswind rows above the first half of the test section between 45 and 90 
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cm downwind from the odor source [p=0.0092, ANOVA for repeated measures]. After 
an asymmetric removal of the plume wasps drifted downwind and the effect of the 
direction of across the wind plume removal becomes apparent after the wasps drifted to 
the downwind end of the test section. Flight time distribution immediately after 
asymmetric removal of the plume was not significantly influenced by the direction of 
removal [p=0.9941, ANOVA for repeated measures]. However, flight time was not 
evenly distributed across the crosswind rows of quadrants in both parts of the test section 
[downwind half: p=0.0150; upwind half: p=0.0173]. 
The magnitude and turn rates for ground speed and airspeed based on 
vector-by-vector averages to symmetric and asymmetric removal of the plume are 
summarized in Tables 9.5 and 9.6. Ground speed did not change in response to 
Table 9.5. Effect of symmetric and asymmetric plume removal on summary statistics of a vector-by-vector 
description of flight. For each parameter the Mean + SD and the P-value for no differences among 
treatments obtained with one-way analysis of variance. 
Exp. N Ground speed 
P=0.1261 
Turn rate 
ground speed 
P=0.0001 
Tortuisity 
P=0.0001 
Airspeed 
P=0.0001 
Turn rate 
airspeed 
P=0.0001 
FLa 15 23.90+ 6.62 209.05 + 83 14 0.055 + 0.017 75.95 + 4.91 63.07 + 28.14 
FLb 15 30.45 ± 8.61 242.80 ± 85.57 0.020 + 0.007 68.16+ 5.20 102.66 + 40.10 
FRa 15 30.51 ± 10.58 202.96 ± 82.48 0.047 + 0.024 78.04+ 8.61 81.33 + 40.12 
FRb 11 36.01 ± 8.11 267.33 + 75.92 0.019 + 0.006 69.61 ± 5.77 120.63 + 23.78 
VJPa 15 30.20 ± 10.43 207.66 + 56.88 0.049 + 0.022 78.60+ 8.52 80.50 + 27.39 
VJPb 14 32.56+ 13.76 245.03 + 94.86 0.020 + 0.007 68.96+ 9.27 101.66 ±25.41 
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Table 9.6. Effect of symmetric and asymmetric plume removal on parameters describing the temporal and 
spatial aspects of counter-turning. For each parameter the Mean + SD and the P-value for no differences. 
Exp. N # Drift reversals 
per upwind 
distance 
P=0.0001 
# Drift reversals 
per second 
P=0.0001 
# Drift 
reversals per 
overall 
distance 
P=0.0001 
FLa 15 0.260 ± 0.264 0.253 + 0.135 0.012+ 0.008 
FLb 15 1.409+ 1.05 0.675 + 0.325 0.024+ 0.013 
FRa 15 0.262 ± 0.389 0.224+ 0.117 0.009 + 0.006 
FRb 11 0.975 ± 0.484 0.618 + 0.240 0.019+ 0.012 
VJPa 15 0.222 ± 0.234 0.221 + 0.122 0.008 + 0.005 
VJPb 14 1.475+ 0.971 0.720 + 0.294 0.027+ 0.016 
manipulations of the host-odor plumes. All other variables were significantly different 
among the experimental conditions when tested with one-way analysis of variance. 
Tortuisity of flight tracks increased when the plume was removed and this was 
accomplished by more drift reversals per upwind distance and per second [Table 9.7, 
columns 5-7], 
Because the ground speed did not differ between the two plume states it follows for 
all experiments that when drift reversals increase over time, drift reversals per overall 
distance should increase also. Airspeed increased in response to symmetric and 
asymmetric removal of the odor plumes, [Table 9.7 column 3] 
Table 9.7. Effect of removal and crosswind movement of the host-odor plume on parameters describing 
flight response. Mean difference + 47 % Cl are given for each comparison as obtained with repeated pair 
wise t-tests. 
Experiments 
compared 
Turn rate 
ground speed 
Airspeed Turn rate 
airspeed 
Tortuisity # Drift reversals 
per upwind 
distance 
# Drift reversals 
per seconds 
# Drift reversals 
per overall 
distance 
FLa-* FLb 7.8+ 5.5 -39.6 + 23.6 0.0351 + 0.015 -1.149 + 0.398 -0.421 + 0.162 -0.0126 + 0.007 
FRa-* FRb -64.4 + 63.3 8.4+ 6.0 -39.3 + 25.7 0.0275 +0.0163 -0.713 + 0.432 -0.394 + 0.176 
-0.0108 + 0.075 
VJPa-* VJPb 9.6 + 5.6 0.0295 +0.0153 -1.253 + 0.404 -0.499 + 0.166 
-0.0187 + 0.007 
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Wasps responded to a removal of plumes with an increase in the tendency to turn 
both when measured vector by vector and by the frequency of drift reversals. Increases in 
drift reversals were accompanied by less upwind progress. 
A third type of analysis was performed using a bivariate representation of the flight 
tracks. Airspeed vectors represent the flight-motor activity of the wasps and in 
combination with the wind this behavior results in a ground speed vector which describes 
how the wasp moved relative to its surroundings. 
In Table 9.8 the results of a Hotelling's T2 test for comparing the flight responses 
before and after plume removal are summarized. In Fig 9.4 I graphed the end points for 
the mean ground speed and airspeed vectors for each flight track and a Hotelling's 
confidence ellipse that gives the two dimensional 95% confidence interval for the center of 
the distribution vector end points. 
Table 9.8. Effect of plume manipulation on vector distribution describing flight responses. Hotelling's T2 
test for bivariate random samples was used to test whether distribution centers overlap. P-value give 
probability that centers do overlap. 
Experiments 
compared 
Ground speed vector Airspeed vector 
FLar^FLb 0.0147 0.0141 
FRa^FRb 0.0215 0.02 
VJPa-^VJPb 0.01 0.0139 
Symmetric plume removal [Table 9.8; VJPr^VJPb; Fig. 9.4] resulted in 
significantly different distributions of airspeed and ground speed vectors. Wasps flew 
downwind because the variability in the direction in which the airspeed vectors were aimed 
relative to the wind increased while their airspeed decreased. 
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When the plume was pulled sideways, resulting in asymmetric removal, the wasps 
responded with a significant change in net movement [Table 9.8; FLa-^FLb and 
FRa-^FRb; Fig. 9.4], This was primarily caused by an increase in the variability in aiming 
the airspeed vector relative to the wind. 
Hotelling's T2 tests of vector distributions between flights after removal of the plume 
showed no significant effect of the direction in which the plume disappeared. Wasps 
aimed thrust and controlled direction of drift were not significantly different whether the 
plume was pulled to left or right or removed symmetrically. Still there was a significant 
different distribution of flight time depending on how the plume was removed [Fig 9.3]. 
A first measure of directional bias in the response to symmetric or asymmetric 
removal of an odor plume is a difference in clockwise and counter clockwise turning. A 
computer program was written that separated clockwise and counter clockwise turns. 
Next for each flight track the total degrees turned to clockwise and counter clockwise 
were subtracted to get for each track one score. Wasps that turned more clockwise than 
counter clockwise got a positive net accumulated degrees turned. 
No significant differences between clockwise and counter clockwise turning was 
detected when a host-odor plume made with a vertical jet was removed. However, when 
an asymmetric removal was presented wasps showed directional bias, because the 
clockwise turning differed from counter clockwise turning [Table 9.9], Wasps turned 
more degrees counter clockwise [220 ±91.7, Mean ± SEM n=15 ] once a plume was 
removed to the left whereas they turned more clockwise [249 ± 98.5, Mean + SEM 
n=13] when a plume was removed to the right. 
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Ground speed vectors 
Airspeed vectors 
Plume present [VJPa] Plume removed [VJPb] 
Ground speed vectors 
vectors 
Plume present [FLa] Plume removed [FLb] 
Fig. 9.4. Effect of symmetric [VJPaVJPb] and asymmetric [FLaFLb] plume removal on ground speed 
and airspeed vector flown by wasps. Hotelling's confidence ellipse enclose a 95 % Cl for the mean vector 
representing flight responses of all wasps to one of the four stimulus conditions. Units in all graphs for 
both axes are cm sec'1. 
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Table 9.9. Changes in turning rate after asymmetric removal of the odor plume. Mean change in 
difference between clockwise and counter clockwise degrees turned + 47 % Cl are given for each 
comparison as obtained with repeated pair wise t-tests. 
Experiments compared Ground speed 
vectors 
P=0.0128 
Airspeed vectors 
P=0.0357 
FLa-^FLb ns -50.5 + 44.3 
FRa-^FRb ns ns 
FLb-^FRb -469.3 + 267.7 -73.0 + 43.3 
VJPa-^VJPb ns ns 
Another measure for directional bias is a difference in distance between drift reversals 
on whether the wasps is moving to the left or the right side of the tunnel. We measured 
the net overall and crosswind distance between countertums by subtracting excursions to 
the left from those to the right side of the tunnel for each flight track. Net crosswind 
distance was not affected by the removal of plumes [one-way ANOVA, p=0.8901]. 
Overall net distance however changed significantly [one-way ANOVA, p=0.0219] and for 
all treatments a left sided bias existed [41.8 + 7.4 cm; Mean + SEM at n=6]. Net overall 
distance between drift reversals increased on crosswind legs to the left side of the tunnel 
when the plume was removed to the left [at least 16.3 + 12.2 cm; Mean + SEM at n—15]. 
Wasps increased the crosswind distance [Table 9.10, 3rd column] between drift 
reversals during crosswind flights to the left side of the tunnel [at least 2.8 cm to the left, 
1.8 cm to the right] when a plume was removed to the left and vise versa to the right [at 
least 2.2 cm to the right and no increase to the left]. Plumes removed symmetrically 
evoked longer crosswind distances between drift reversals but no directional bias. 
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Discussion 
Although female M croceipes range close to the boundaries of host-odor plumes, 
this does not always lead to differences in the vector-by-vector description of the flight 
behavior. Turning rates for airspeed vectors and the tortuisity were elevated for wasps 
flying in cylindrically-shaped plumes generated by a vertical jet compared to flat horizontal 
sheet shaped plumes of 10 cm width. This difference suggest that wasps changed flight in 
the vertical but not the horizontal direction in our experiments with various plume shapes. 
In Chapter 8 we also noticed that wasps upon loss of contact increased the vertical 
component of their overall turning behavior. 
Quick sideways removal of host-odor plumes caused this parasitoid to adjust turning 
and the length of crosswind legs in an asymmetric manner [Fig 9.5], When a 10-cm wide 
sheet-shaped plume was removed at the left side of the tunnel, wasps turned faster 
counter clockwise and flew longer crosswind legs to the left side of the tunnel compared 
to clockwise turns and legs to the right side of the tunnel. These responses indicate that 
the parasitoid M croceipes may use a transverse chemotaxis to maintain contact with the 
plume. 
Responses by the parasitoid to plume boundaries differ from those reported 
previously for moths. Moths show no directional bias to plume loss [Baker and Haynes, 
1987]. Previous tests of responses of moths to crosswind plume boundaries always had 
the odor plume present [David et al., 1983; Carde and Charlton, 1985; Baker and Haynes, 
1987; Vickers and Baker, 1991], In pilot experiments, M. croceipes followed plumes 
pulled slowly across the wind [Fig. 9.5] similar to the previous observations done on 
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^- WIND 
Fig 9.5. Flight tracks by M. croceipes in response to fast [FL10, FRIO] and slow [SL10, SR10] 
asymmetric removal of the host-odor plume. Vertical arrows mark the instant of removal of the plume. 
Positions along flight track are 0.1 sec apart, [b] marks the beginning of the flight track. 
gypsy moth [Carde and Charlton, 1985], However experiments where I slowly pulled the 
plume sideways to evoke crosswind plume tracking by M. croceipes were hard to 
replicate and the analysis of those flights that seemed successful showed no consistent 
results. Directional bias in turning or the crosswind distance between drift reversals was 
not observed. 
The following reasons can be given why vector-by-vector analysis of flight responses 
by wasps that followed a plume pulled slowly across the wind did not show directional 
bias. First the differences between left and right crosswind excursions and clockwise and 
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counter clockwise turning rates may be slight and therefore hidden by the variability in 
responses. More importantly, with these types of experiments it is difficult to decide 
whether plume following resulted from bias in the turning responses or what Vickers and 
Baker [1991] call the effect of "reiterative asymmetrical pheromone stimulation". By 
pulling the plume asymmetrically and than removing it all together, this obstacle to an 
unambiguous interpretation of the responses is removed. 
In conclusion, this paper shows a first case of a parasitoid using transverse 
chemotaxis to maintain contact with a host-odor plume during odor-mediated upwind 
flight. 
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APPENDIX A 
GENERAL REARING PROCEDURE 
Rearing of Microplitis croceipes. 
Wasps were obtained either from a colony maintained in our lab or a colony 
maintained in the USD A lab of W.J. Lewis in Tifton, Georgia. We received on average 
100 cocoons per week from Tifton. Our colony produced twice that many cocoons per 
week. 
Both colonies were reared on the same species, Helicoverpa zea, obtained from the 
same rearing facilities in Tifton. Eggs were received once a week and Helicoverpa larvae 
were reared on pinto bean based diet [Burton, 1969], Once the larvae reached the 3rd 
instar stage they were exposed for at least 4 hours to mated female parasitoids. 
Production of parasitoid cocoons from parasitized host-larvae was about 20 %. 
Cocoons were separated from their host and placed in plastic cages (40 x 40 x 40 cm). 
Emerged wasps had access to water and honey. Females were used once for an 
experiment on day 4 through 7 after emergence. Wasps were returned to a separate cage 
and females from this cage were provided with 200 Helicoverpa 3rd-instar larvae for 
oviposition 5 days a week. Temperature was kept at 27° C, RH was 70%, and a 
long-day light cycle of 16L:8D. 
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APPENDIX B 
GENERAL PROCEDURE ODOR SOURCES 
Female wasps were prepared for flight tests with a preflight exposure to a 
combination of the volatile and nonvolatile components of host-feces. This preflight 
treatment elevates the propensity of wasps to fly upwind to host-odors from about 10 % 
to over 40 % [Drost et al., 1986, Lewis and Tumlinson, 1988]. 
Preparation of Nonvolatile Extracts. 
Feces were collected from Helicoverpa zea larvae feeding on cowpeas (Vigna 
unguiculata L.). One part of feces was dissolved in three parts of distilled water. The 
water-soluble nonvolatile component of host feces was made by mixing fresh feces and 
distilled water for 4 hours in shaking machine. The water solution was centrifuged for 30 
minutes at 1500 rpm. The supernatant was collected and stored frozen. 
Preparation of volatile extracts. 
The hexane soluble volatile component of host feces was made using exactly the 
same procedure as used for the water-soluble component but hexane was used as a 
solvent. Extracts were kept in at -20° C. 
Preparation of Preflight Treatment. 
The frozen-water solution containing the nonvolatile component of host feces was 
thawed for an hour at room temperature. I pipetted 50 pi of the nonvolatile extract onto a 
4-cm diameter filter paper disk [Whatman No. 1] in a glass petri dish and next left it to dry 
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for one hour. During experiments volatile extracts were kept in a cool box at 10° C next 
to the flight tunnel. To complete the preflight treatment I pipetted 25 pi of volatile 
extracts onto the filter paper disk charged with 50 pi of the dried non-soluble extract. 
Every 20 minutes I added 25 pi of volatile extract to replace evaporated volatiles. 
Odor-supply System. 
Volatiles were dispersed in the flight tunnel with an odor supply system. Air was 
drawn through a charcoal filter with a peristaltic pump and humidified by pushing the air 
through distilled water in a flask. Air was fed into a upright Pasteur pipette on the flight 
tunnel floor. Inside the Pasteur pipette a 4-mm filter paper disk was pinned on a insect pin 
clamped inside the pipette. The filter paper disk was charged with 25 pi of the hexane 
soluble extract. 
Each time the pump had pushed air for 10 minutes over the filter paper disk at the 
standard rate of 266 ml min'1 the disk was recharged with 25 pi of hexane extract. Timing 
of recharging was provided with a feature of the event recorder program used to record 
the experimental conditions and time of day of the video records. Recharging the filter 
paper disks in too fast a succession may have led to accumulation of volatile extracts and 
as a consequence the concentration of odor molecules in emitted plumes could have 
increased. However, upwind odor concentration gradients of up to 67-fold did not affect 
upwind progress or tortuisity of flight by M croceipes [Zanen et al., 1989], 
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APPENDIX C 
GENERAL EXPERIMENTAL PROCEDURE 
Setup of Video Recording Equipment. 
Flight behavior was video recorded with a 2-D or 3-D recording system. Depending 
on what type of recording [2-D or 3-D], a video record was made of a drawing of a set of 
two perpendicular axis [2-D] or a 3-D object to establish a frame of reference and a 
scaling factor. In case of 3-D recordings a calibration measurement was made of the 3-D 
object to obtain calibration parameters required for reconstruction of 3-D-positions from 
two simultaneous 2-D records. 
Time Signal Generator 
Time Signal Generator 
IIEI^- 
llli^ 
Fig. C. 1. 3-D video recording setup. Each of the two views was recorded with a video camera, a time 
signal generator, and a video recorder. Recording of the view was started with a common pause switch. 
When a 3-D recording was made, both clocks of the time signal generators were 
synchronized so each video record had a common time record [Fig. C. 1]. 
In addition I used an event recorder program written for a Radio Shack model 100 
laptop computer to make protocols for each video record of each flight. The clock of the 
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laptop computer was synchronized with the clocks of the time generator of each video 
record. For each flight I recorded on the event recorder whether the insect landed on the 
source or not. The event recorder program also was used to monitor how long the odor 
supply system was used with a particular odor source and a beeper was set to go off each 
time the source needed recharging in the case of highly volatile attractants. The following 
information for each flight record is available: exact start of the flight record in 1/100 
second, time of day, and date. In addition I recorded for each flight record age of the 
insect, the experimental conditions and at what temperature and humidity in the flight 
tunnel they were tested. Temperature was always kept at 28° C and humidity varied 
between 60 and 80 % RH. 
General Experimental Procedure for Microplitis croceipes. 
Female wasps were used for experiments between 4-7 days of age. One hour before 
the experiments, holding cages with wasps were taken from the rearing facilities into the 
flight tunnel room to acclimatize. 
A female wasp was captured in a small vial (1.5 cm diameter and 4.5 cm long) in the 
holding cage and put in the petri dish with the preflight treatment. The wasp was allowed 
left in the petri dish with the preflight treatment described in Appendix B for at least one 
minute. After the preflight exposure, the wasp was recaptured with the vial and placed 
1 m downwind from the odor source in a host-odor plume. 
The wasp was given two chances to fly upwind and land on the source. Wasps that 
did not take off within two minutes after exposure to the host-odor plume were discarded. 
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The two minute time limit was set with the event recorder program which beeped when 
time ran out. 
Method of replication. 
Treatments were chosen in a completely randomized block design for the experiments 
with Lymantria dispar. The treatments in experiments with M. croceipes were replicated 
using a balanced incomplete block design as described by Cox [1958], 
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APPENDIX D 
MEASUREMENT STEP 
Mantid 2-D and 3-D Measurement of Flight Behavior. 
Before the flight tracks were measured for each new camera set up, a calibration 
measurement was made to obtain correction factors for optical errors, a scaling factor and 
a frame of reference. For each position over time at 0.1 sec intervals the XY and in the 
case of 3-D measurement XYZ coordinates were obtained using the program Mantid™. 
For two experiments measured in 2-D, a second point was measured, either to register 
the orientation of the thorax [Chapter 6] or the local wind direction [Chapter 7], 
Screening for Measurement Errors. 
The tracks were screened for measurement errors with two programs [2-D and a 3-D 
version] that display all positions on a graphics monitor. 
Noise Filtering of Measurement. 
Positions were filtered for measurement noise with 4th level differencing as described 
by Lanczos [see Chapter 2 for an extensive discussion]. 
Addition of In-flight Changes in Stimulus Conditions: Plume Removal. 
Chapters 8 and 9 included experiments whereby the plume was removed while the 
wasp was flying upwind. Two computer programs were written to include the stimulus 
condition during each position over time for each flight track. 
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First the moment when the stimulus condition changed was taken from the video 
records. Either I used a light emitting diode in the camera view to signal the stoppage of 
the odor pump [experiments with symmetric plume removal in Chapters 8 and 9] or the 
movement of the bead signaling the position of border of the plume [experiments with 
asymmetric plume removal in Chapter 9], 
The first program incorporated into each data file for each frame the stimulus 
condition. However, in the case of the odor pump I assumed that pressure built-up in the 
air lines would delay the cessation of the odor emission some time after the light emitting 
diode went off. 
A separate experiment was performed to estimate this delay. A gypsy moth EAG 
preparation was positioned one centimeter downwind of the odor nozzle in wind of 50 cm 
sec'1. The signal from the EAG preparation was amplified with a amplifier as described by 
Bjostad [1988] and fed into an amplifier [Tektronix 5A18N] and displayed on a 
oscilloscope [Tektronix 5113 settings: 50mV/div; 50 msec/div]. The signal of the 
oscilloscope and the LED of the odor pump were video recorded simultaneously with a 
time signal of 1/100 sec overlaid on the video record. From these measurements I 
obtained an estimate for the switch off delay of 2.3 ± 0.5 sec [Mean ± SD, N=6]. The 
switch on delay was estimated as 0.8 + 0.8 sec [Mean ± SD, N=6]. 
In addition I had to include the delay between stoppage of odor emission at the 
nozzle and arrival of the trailing edge of the plume at the position of the responding wasp. 
In all experiments the distance between release point and the nozzle was 1 m. Odor 
emission was stopped when the wasp had progressed 50 cm upwind. In experiments of 
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Chapter 8 the wasp was allowed to return to the release point and then the plume was 
switched on again until the wasp landed at the platform attached to the nozzle. Wind 
speed determines how fast the trailing edge of the plume travels to the wasp. 
I calculated the moment when the wasp could no longer be engulfed by the 
host-odors. In experiments of Chapter 8 the wind speed was 72 cm sec1. The transit time 
of the trailing edge of the plume to a wasp 50 cm downwind is therefore at least 0.7 sec, 
making the delay between LED switching off and the instant at which the wasp was no 
longer engulfed by the odor plume somewhat less then 3 sec [allowing for some upwind 
progress by the wasp]. In experiments done in Chapter 9 wasps flew in wind of 61 cm 
sec'1 making the travel time of the trailing edge of the plume somewhat longer [0.8 sec]. 
LED switch-off instants were adjusted with a 3.1-sec delay to obtain the correct time of 
plume removal at the location of the wasp. 
The correction from the instant of the LED switching-on and the instant at which the 
wasp was engulfed by host-odors required a different delay. With the wasp one meter 
downwind the transit time of the leading edge of the odor plume doubles but the pump 
switch on delay is shorter [0.8 sec], requiring an adjustment of 2.2-sec. 
A second computer program corrected flag-settings signaling the stimulus conditions 
generated with the first step. The estimated delays caused by back-pressure in the air lines 
and travel times between trailing or leading edges of plumes and wasps were used. 
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Addition of In-flight Changes in Stimulus Conditions: Change in Floor Pattern. 
In two experiments of Chapter 8 the floor pattern was changed while the wasp was in 
flight. The same program used to include the LED status into the data files of flight 
behavior was used to include the visual pattern status. 
Addition of In-flight Changes in Stimulus Conditions: Change in Wind speed 
In two experiments of Chapter 5 the wind speed was changed while the wasp was 
flying upwind toward the odor source. A video record of the reading of an anemometer 
was made simultaneously with the flight behavior that was recorded with another video 
recorder. The probe of the anemometer was positioned at the release position in the flight 
tunnel. A computer program included for each record of the position of the wasp the 
reading of the anemometer. Because the flight tunnel is a closed-loop design, no 
long-lasting lag in speed up or slow down of the wind exists because air is pushed and 
pulled inside the loop. 
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APPENDIX E 
TRACK ANALYSIS PROGRAMS 
Coordinate System used to Measure Position over Time. 
Measurements were made in a Cartesian coordinate system. Angles were measured 
counter clockwise with 0/360 degrees coinciding with positive X-axis [page 216, 
Batschelet, 1981], The positive axis was chosen to coincide with the upwind direction for 
all experiments except the shifting wind experiment in Chapter 7. The track analysis 
program is written to accept any wind direction. 
Triangle of Velocities Calculus and Turning Rates. 
For each record of the position of an insect over time the following additional 
calculations were performed. With fourth order differencing we calculated the ground 
speed of the insect [Lanczos, 1964], This technique is discussed in Chapter 2. Because 
wind direction and strength were always known, we could calculate the velocity relative 
to the air also known as airspeed. The angle between the ground and the airspeed vectors 
is called the drift angle. Turning rates for ground speed and airspeed vectors were 
obtained from the change in direction of the current vector relative to the previous vector. 
A turn was given a positive sign when the vector turned clockwise and negative when 
counter clockwise. Differences between angles were calculated with the equation for 
angular distance [page 242, Batschelet, 1981], 
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Each of the mentioned variables was tested with Shapiro's test for the hypothesis that 
a variable is sampled from a normal distribution. This test is provided by PROC 
UNIVARIATE in SAS [SAS Inst., 1988], 
Testing for Stationaritv in Flight Behavior. 
All flight behavior can be described with two components: a change in forward 
motion and turn rate. A source for techniques to describe how insects combine the two 
responses was published by Batschelet [1981], An appropriate summary statistic 
representing flight behavior in terms of direction and speed simultaneously is the mean 
vector. Batschelet [1981] points out that the mean vector length depends on the sample 
size over which it is calculated. It follows that when sample size among tracks is not 
standardized, one introduces variation in the data that is not related to the behavior but to 
the sampling scheme and this should be avoided. 
Standardized sampling can be problematic when the behavior is changing over time. 
The basic assumption of track analysis is that a stimulus evokes a behavioral response that 
settles into a steady state. Therefore, it should not matter when a sample is taken during 
such behavior as long as the sample size is large enough to cover all aspects of the 
behavior. It is important to determine how large a sample should be to meet the 
aforementioned conditions. 
To detect whether the moment of sampling affects the degree to which behaviors 
differ under varying stimulus conditions we used one-way analysis of variance for 
repeated measures. This technique allows determining whether the behavioral responses 
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that can be represented by a certain sample size are stationary and if not whether moment 
of sampling affects the outcome of pairwise comparisons. 
A subset of ten subsequent one-second-long subsamples was drawn from each 
individual flight track. The procedure 4 V of BMDP [Dixon, 1990] was used to perform 
one way ANOVA for repeated measures. This test distinguishes between treatment 
effects, variability among samples and the effect of repeated measures within each sample. 
Fixed-Size Sampling. 
When the differences among treatments did not depend on when a sample was taken 
from a flight track as verified in the previous step, a fixed-size sample from each track was 
taken. First I ran a computer program to obtain the optimal fixed-size sample. Records of 
flight tracks vary in duration, so for each experiment there is an optimal fixed-size sample 
that yields the most flights for each experimental condition with the longest flight-time 
collected from each track. 
Next a program took from each flight track a fixed sample of subsequent data points 
beginning at a randomly chosen point. For each flight track the average value of each 
derived variable was calculated and each flight contributed one value for each variable to 
the comparisons among treatments. 
Analysis of Variance. 
One-way ANOVA was performed with two programs. Levene's test for 
homoscedasticity among the treatment means, provided by the program 7D of BMDP 
[Dixon, 1990], was used before performing one-way analysis of variance. 
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We used PROC GLM [SAS Inst., 1988] that provides ANOVA for unbalanced 
designs and confidence intervals for differences among treatment means based on repeated 
pairwise t-tests or Scheffe's test for simultaneous multiple comparisons. 
Testing for Differences between Mean Vectors. 
Hotelling's T2-test for bivariate variables was available from 3D BMDP [Dixon, 
1990]. This program was used to test whether ground speed, airspeed or drift vectors 
differed among treatments. 
A graphing program was written to make Hotelling's confidence ellipse plots for 
ground speed, airspeed and drift vectors. I used the equations provided by Batschelet 
[1981] on pages 264-265. This program plots graphs on a Hewlett Packard laser printer 
that supports HP-GL2 graphics language or can output a ASCII test file that can be used 
to plot graphs with SigmaPlot™ version 5.0. 
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